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As-grown sapphire boule 





Rod removed from Dome blank scooped Polished 
boule by core drill with diamond saw dome 


Genesis of a sapphire dome. [Photos courtesy Crystal Systems, Salem, Massachusetts. ] 


PREFACE 


This text is intended to provide a comprehensive introduction to infrared-transparent 
materials for windows and domes that must withstand harsh environmental conditions, 
such as high-speed flight or high-temperature process monitoring. Each section contains 
sufficient introductory explanation so that the book should be readable by anyone with a 
background in science or engineering. The current volume builds on its predecessor, 
Infrared Window and Dome Materials, published in 1992 as part of the SPIE Tutorial 
Text series. The book you are holding incorporates seven years of new developments in 
the field of infrared windows and includes additional reference information and some more 
theory to make it more useful. 


My wife, Sally, prepared many of the illustrations and contributed in many ways to 
the production of this volume. The manuscript benefited from critical reviews by Mike 
Thomas of the Applied Physics Lab and Lee Goldman of Raytheon and many helpful 
discussions with Claude Klein. Mel Nadler, Mike Seltzer and Andy Wright recorded some 
of the spectra that appear in this book. I also wish to express my appreciation to the 
management at China Lake, which values creative and scholarly activities, and to the 
Office of Naval Research for ongoing support of window material research and 
development. 


I welcome your comments, corrections and suggestions. I can be reached at 
dan_harris @ alum.mit.edu. 


Dan Harris June 1999 
China Lake, California 





After finishing work on windows, the author is seen beginning the floors. 
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Chapter 0 


THE HEAT OF THE NIGHT AND THE 
DUST OF THE BATTLEFIELD 


All objects above absolute zero temperature emit infrared radiation. This radiation 
can be used to measure the temperature of an object in a laboratory or factory, or can be 
used to observe military targets on a battlefield. "Heat-seeking" missiles use infrared 
radiation from the hot exhaust of a target aircraft to guide themselves to their prey. 


The nose of the infrared-guided missile in Fig. 0.1 is a hemispheric, infrared- 
transparent dome made of magnesium fluoride. The ceramic dome protects a delicate, 
hermetically sealed infrared seeker from the harsh environment of high speed missile 
flight. The dome must withstand rapid aerothermal heating when the missile is launched 
and must resist long term erosion from raindrops and dust encountered during captive carry 
of the missile beneath the wing of an aircraft. 


This book discusses optical, mechanical and thermal properties of infrared window 
and dome materials. It describes fabrication techniques and coatings required to enhance 
optical transmission and mechanical durability and to reject undesired radiation. We will 
emphasize the few rugged materials meant for external use in demanding environments, 
but will also mention important materials that can only be used in benign situations. 





Sg SS 


Fig. 0.1. Nose of a Sidewinder missile showing dome that protects the infrared seeker. 
(Photograph courtesy Naval Air Warfare Center, China Lake, California.) 


2 Materials for Infrared Windows and Domes 


0.1 Electromagnetic spectrum and atmospheric transmission 


Electromagnetic radiation is characterized by a frequency, v (number of oscillations of 
the electric field per second) and wavelength, A (distance between crests of the electric 
field). The speed of light, c, is the product of wavelength and frequency: 


c=AV. (0-1) 


The speed of light in vacuum is exactly 2.997 924 58 x 108 m/s (which defines the 
length of a meter). The energy, E, of a photon (a "particle" of light) is proportional to 
its frequency, and therefore inversely proportional to its wavelength: 


Poppet’. (0-2) 
The constant of proportionality, Planck's constant, has the value h = 6.626 x 10°34 J-s. 
Physical constants and conversion factors are listed in Appendix A at the end of the book. 


Table 0.1 shows the names, wavelengths and frequencies for various parts of the elec- 
tromagnetic spectrum. Infrared wavelengths are often expressed in micrometers, um (10-6 
m), while visible wavelengths are typically given in nanometers, nm (10°? m). We see 
that infrared radiation spans the wavelength region between 0.780 and 1000 um. Visible 
radiation has higher energy than infrared, while microwave radiation has lower energy. 


Table 0.1. Electromagnetic spectrum 


Type of radiation Wavelength Frequency (s7! = hertz = Hz) 


Cosmic rays <10°12 m >3 x 1020 
Gamma rays 10712-1071! m 3 x 1029-3 x 10!9 
X-rays 10°11 - 108m 3x 10!9-3x 1016 
Ultraviolet 10-8 - 3.80 x 10°7 m 3x 1016 - 7.89 x 1014 
Visible 3.80 x 107-7.80x 107m 7.89 x 10!4 - 3.84 x 1014 

violet 380 - 430 nm 

blue 430 - 480 nm 

green 480 - 530 nm 

yellow 530 - 580 nm 

orange 580 - 620 nm 

red 620 - 780 nm 












7.80 x 10°77 m - 10°3 m 3.84 x 10!4-3~x 10/1 


(0.78 um - 1000 um) 
midwave window 3-5 um 
long wave window 8 - 14 


Microwave 10°3 - 10°! m 3x 10!11-3~x 109 
Radio >10-! m <3 x 10° 





Infrared 
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Fig. 0.2. Infrared transmission spectrum of the atmosphere for a 1.8 km horizontal 
path at sea level with 40% relative humidity.!:2 Good references to read about 
atmospheric transmission are Infrared System Engineering,” The Infrared Handbook,> and 
Volume 2 of The Infrared & Electro-Optical Systems Handbook 


Figure 0.2 is a transmission spectrum of the atmosphere, with absorption features by 
various atmospheric constituents noted. The transmittance of a perfectly transparent 
medium is 100%, while an opaque medium has a transmittance of 0%. In Fig. 0.2 we 
see a transmission window in the visible region (below 1 um) and several windows in the 
infrared. Two important regions for infrared sensing are the long wave infrared window 
between 8 and 14 um and the midwave infrared window from 3 to 5 um. The midwave 
“window” is interrupted by a strong absorption band from carbon dioxide near 4.3 um. 
Atmospheric transmission varies with pathlength (how far you are looking through the 
atmosphere), altitude and humidity. 


At the top of Fig. 0.2 is a wavenumber scale. Wavenumber is defined as the 
reciprocal of wavelength, with cm! being the most common units: 


Wavenumber =1//. (0-3) 


The unit cm7! is usually read as "reciprocal centimeters" or "wavenumbers." Since 
energy is inversely proportional to wavelength [Eq. (0-2)], energy is directly proportional 
to wavenumber. A 3000 cm=! photon has three times the energy of a 1000 cm:! photon. 


0.2. Blackbody radiation 


A blackbody absorbs all radiation striking its surface. If it is at constant temperature, 
but thermally isolated from its surroundings, it must emit the same amount of energy 
that it absorbs. Hence, a blackbody is a perfect emitter as well as a perfect absorber. A 
real object that you might observe with an infrared sensor is not a blackbody, but its 
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Fig. 0.3. Night landing of space 
shuttle at Edwards Air Force Base, as 
seen by 8-12 tm Magnavox IR-18 
forward looking infrared camera. 
Notice that the hot underside of the 
aircraft emits the greatest intensity. 
(Photograph courtesy Naval Air 
Warfare Center.) 





behavior is often qualitatively similar to that of a blackbody. For example, a sheet of 
white bond paper has about 93% of the emission of a blackbody. Human skin has about 
98% of the emission of a blackbody. Figure 0.3 shows 8-12 [1m radiation emitted from a 
space shuttle as seen by an infrared camera during a night landing. We will discuss the 
radiant emission of real materials further in the next chapter, but for now we explore the 
properties of ideal blackbodies. 


The power per unit area, designated exitance (or emittance in the older literature), 
radiating from a blackbody is proportional to the fourth power of absolute temperature: 


5 
= ine = 5.670 x 10°8 





Exitance = M=oT4 Oo (0-4) 


m2 K4 


where k is Boltzmann's constant (1.3807 x 10-23 J/K), c is the speed of light and h is 
Planck's constant. The temperature, 7, is given in kelvins (K). 


The power radiating from a blackbody is a function of wavelength, A, as well as 
temperature. The wavelength dependence is expressed in the Planck distribution: 


My = 2mhet 1 _ 3.74177487x 108 1 0-5) 
An 45 (Sire ‘a A? (<i.as8768665 104/AT | : : 





in which Mj, the power per unit area per unit wavelength emitted by the blackbody, is 
called the spectral exitance or spectral emittance. The numbers on the right side of Eq. 
(0-5) give Mj, in units of W/m2/um when A is expressed in micrometers. Figure 0.4 
shows that: 


1. The exitance at any wavelength increases as temperature increases. 
2. The peak exitance shifts to shorter wavelength as the temperature increases. 


For temperatures above 100 K, the wavelength of maximum emission, Away, is 
given by the Wein displacement law: 


Amax T = 2.878 x 1073 mK . | (0-6) 


Equation (0-6) tells us that the wavelength of maximum emission at 300 K is Amax ~ 
(2.878 x 10°3 mK) / 300 K = 9.6 x 10-© m = 9.6 pm, while the wavelength of 
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Fig. 0.4. Planck distribution [Eq. (0-5)] of light emitted from a blackbody. The 
ordinate gives the watts per square meter per micrometer of wavelength emitted from the 
surface of the blackbody. Note that both axes are logarithmic. 


maximum emission at 800 K is (2.878 x 10-3 m‘K) / 800 K = 3.6 um. Thus, objects 
at room temperature have maximum emission in the long wave infrared region, while the 
500°C exhaust of a jet engine has maximum emission in the midwave infrared region. 


Example: Total power emitted by a blackbody. How much radiant energy is emitted 
by one square meter of an object at 77 K? At 300 K? At 2000 K? This is easy to 
answer with Eq. (0-4): 


At 77 K: Exitance = o T4 = [5.670 x 10° ss ] (77 K)4 = 1.99 x . 
mK m 


W 


At 300 K: Exitance = o (300)* = 459 3° 


At 2000 K: Exitance = o (2000)* = 9.07 x 105 a 


The point of this example is that radiant emission from an object increases very rapidly 
with increasing temperature. A "red hot" object at 2000 K emits (2000/300)* = 2000 
times as much energy as the same object at 300 K. 





In Fig. 0.4 the area under each curve gives the total exitance. The area of a given 
wavelength interval gives the energy emitted in that wavelength interval: 


00 42 
Total exitance = a ada Exitance (A7 to Az) = [mu ada. (0-7) 
Ay 
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Table 0.2. Blackbody emission 





Exitance (W/m) 
| ‘Temperature (K) 3-5 jim 8-10 Lum 8-14 jim 
300 5.9 61.1 172.6 
600 1719 957 1937 
2000 1.60 x 10° 1.07 x 104 1.86 x 104 





The integral on the right of Eq. (0-7) allows us to evaluate the radiant energy emitted by a 
blackbody in different spectral regions at different temperatures. 





Example: Blackbody emission in midwave (3-5 tum) and long wave (8-14 jim) 
infrared windows. Let's find the radiant energy per square meter emitted by a blackbody in 
the regions 3-5 um, 8-10 um and 8-14 Um at 300 K, 600 K and 2000 K. We find the 
3-5 Jum emission at 300 K from the integral 


> 


Exitance (3-5 jm) = [ua da = 5.86 ~ 
3 


m2 


where Mj has the numerical constants on the right side of Eq. (0-5) and JT = 300 K. Ina 


similar manner, you could fill in Table 0.2 These calculations show that near room tem- 
perature there is much more emission from a blackbody in the long wave infrared region 
than in the midwave region. Near 600 K the two regions have about equal radiant energy, 
whereas at 2000 K the midwave exitance is much greater than the long wave exitance. 


Some long wave infrared systems are limited to the 8-10 Jum range by their detector 
or their window. Comparison of the energy available in the 8-10 um and 8-14 um 
regions in Table 0.2 shows that the 8-10 tm portion of the window contains only one- 
third to one-half of the total long wave infrared energy available from a blackbody in the 
range 300 to 2000 K. 


0.3 Transmission through rain, snow, fog and dust 


The effective range of infrared (and other optical) sensing systems is limited by 
absorption and scatter of electromagnetic radiation by the atmosphere. To discuss this 
subject, we first need to define transmittance with the help of Fig. 0.5. Consider light of 
radiant power Py (watts per square meter) incident on a cylinder of air or some optical 
material with a pathlength b. If the transmitted light has a radiant power P (which is 
<P,,), then the transmittance is defined as 


Transmittance = t = ai ‘ (0-8) 
Po 
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Transmitted 
light 


Incident 
light 


Pathlength = b 


Fig. 0.5. Light of radiant power Py (W/m2) strikes a cylinder of air or other material 
of pathlength b. The transmitted radiant power is P. 


Transmittance ranges from 0 to 1. A transmittance of 1 means that all light is 
transmitted and a transmittance of 0 means that no light is transmitted. 


Suppose that the cylinder in Fig. 0.5 represents a section of the atmosphere through 
which infrared light passes from an object to a detector. The transmitted power P is less 
than the initial power Py, because of absorption by the atmosphere or scatter by rain, 
snow, fog, or dust. The decrease in transmission is commonly measured by an 
attenuation coefficient, Y, expressed in units of decibels per kilometer (dB/km). An 
attenuation of 10 dB corresponds to one power-of-ten decrease in transmittance. The 
relationship between attenuation coefficient and transmittance is 


t= 10°70/10 (0-9) 


where b is the pathlength expressed in km. Equation (0-9) applies when the loss of 
transmission is due to absorption of electromagnetic radiation by components of the 
atmosphere such as water vapor and carbon dioxide. If the transmission loss is 
predominantly due to optical scatter (from dust in the air, for example), then Eq. (0-9) is 
an approximation that is valid for a transmittance above ~80% (or yb/10 < 0.1), which 
corresponds to ~1 dB of loss.” 


Table 0.3 gives formulas for computing approximate atmospheric attenuation at a 
wavelength of 10.6 um for different weather conditions. This is a commonly used 
infrared wavelength emitted by a carbon dioxide laser. The formulas in Table 0.3 are only 
approximate because atmospheric effects vary widely and because attenuation generally 
has contributions from both absorption and scatter. Eq. (0-9) is valid for absorption but 
only applies to scatter losses not exceeding 1 dB. 





Example: Atmospheric attenuation. A CO? laser beam is directed at a mirror located 
1.0 km away and the reflected signal is measured by a detector placed next to the laser. 
Estimate the atmospheric transmittance over the 2.0-km pathlength if the atmospheric 
condition is (a) raining at a rate of 2.0 mm/h or (b) dust with a reported visibility of 1.2 
km. 


(a) For rain, the attenuation coefficient computed from Table 0.3 is 


*Eq. (0-9) is valid for absorption and single scattering events. If the concentration of 
particles in the atmosphere is high, it 1s likely that a single ray of light will be scattered 
multiple times and Eq. (0-9) breaks down. 
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Table 0.3. Atmospheric attenuation coefficients at 10.6 um wavelength? 


Condition —~—~—~—~S™—™—_ Attenationcoefficient(dB/km)” ssS—™ 
; 1.5 
Clear air y= (1.084 x 10°5)p(P+193p)( =P)” a 625( 72°) (10-9707, 4 14 


Rain y= 1.9 R°-63 (Observed attenuation from rain does not vary 
significantly between 0.63 and 10.6 Lim) 
Snow y=2 59.75 
_ 17 
Fog i yi.5 
Dust y= > 
Symbols: p= partial pressure of water (mbar) P= atmospheric pressure (mbar) 
T= temperature (K) V = visual visibility (km) 
R= rainfall rate (mm/h) S = snowfall rate (mm/h) 


“Attenuation coefficients are approximate. Ranges of attenuation coefficients for a given 
weather type are shown on pages 24-25 of Reference 5. 


y= 1.9 R9-63 = 1.9 (2.0)9-63 = 2.94 dB/km 
and the transmittance is calculated with Eq. (0-9): 


t= 10-70/10 — 19-(2.94 dB/km)(2.0 km)/10 — 9.26 = 26% . 


Only 26% of the laser light reaches the detector if 100% of the light is returned by the 
mirror. 

(b) The attenuation coefficient for dust (and fog) is based on the visibility reported by 
a human observer using visible light. If the reported visibility is 8 km, the attenuation 
coefficient computed with the formula in Table 0.3 is 


y= 5/V = 5/8 = 0.62 dB/km . 
The transmittance is: 


t= 10-72/10 = 19-(0.62 dB/km)(2.0 km)/10 — 0.75 = 75% . 


In this calculation for dust, we have slightly exceeded the valid range of Eq. (0-9), which 
is good for transmittance >80%, or a total loss of < 1 dB. 





Figures 0.6 - 0.10 show atmospheric transmittance for different weather conditions 
calculated with Eq. (0-9) and attenuation coefficients from Table 0.3. In Figure 0.6 we 
see that humidity has a strong effect on infrared transmittance of clear air. The greater the 
humidity, the lower the transmittance because water absorbs infrared radiation. Figure 0.7 
indicates that infrared transmittance is significantly degraded by any rainfall rates >1 
mm/h, Similarly, snow, fog and dust substantially decrease atmospheric transmittance. 
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Fig. 0.6. Transmittance of 
10.6 um infrared radiation in 
clear air as a function of 
humidity. Curves were 
computed from the first 
equation in Table 0.3 with 
the following parameters: P 
= atmospheric pressure = 
1000 mbar, T = temperature 
= 298.15 K, V = visibility = 
20 km. The partial pressure 
of water vapor, p, was 
computed from_ the 
relationship p = humidity x 
Po: Where po is the vapor 
pressure of air saturated with 
water vapor at the existing 
temperature. For T = 298.15 
K, Po = 31.67 bar. 


Fig. 0.7. Transmittance 
of 10.6 wm infrared 
radiation in rain. Curves 
were computed with the 
second equation in Table 
0.3 with different rainfall 
rates. Attenuation from 
rain does not vary 
significantly with wave- 
length between 0.63 and 
10.6 pm.® 
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Fig. 0.8. Transmittance of 
10.6 tm infrared radiation in 
snow. Curves were calcu- 
lated from the third equation 
in Table 0.3 with different 
snowfall rates. 


Fig. 0.9. Transmittance 
of 10.6 wm infrared 
radiation in fog with 
different visibilities re- 
ported by a person based 
on visual sighting of 
distant objects. Curves 
were computed from the 
fourth equation in Table 
0.3. 


The Heat of the Night and the Dust of the Battlefield 11 





1.00 
5 Visibility = 10 km 
Zz ; eae. Fig. 0.10. Transmit- 
= 0.95 Visibility : oom | tance of 10.6 um infrared 
Ee radiation in dust with 
S different visibilities re- 
y 0.90 ported by a person based 
wt on visual sighting of 
pa distant objects. Curves 

0.85 were computed from the 
SB fifth equation in Table 0.3. 
e 
~j (0.80 
i) 
ee 

0.75 

0 1 2 3 
PATHLENGTH (km) 

References 


1. H. A. Gebbie, W. R. Harding, C. Hilsum, A. W. Pryce and V. Roberts, "Atmo- 
spheric Transmission in the 1 to 14 p Region," Proc. Roy. Soc., A206, 87-107 
(1951). 

2. R.H. Hudson, Jr., Infrared System Engineering, Wiley, New York (1969). 

3. W.L. Wolfe and G. J. Zissis, eds., The Infrared Handbook, Environmental Research 
Institute of Michigan, Ann Arbor, Michigan (1985). 

4. M.E. Thomas and D. D. Duncan, "Atmospheric Transmission," in J. S. Accetta and 
D. L. Shumaker, eds., The Infrared & Electro-Optical Systems Handbook (Vol. 2: 
Atmospheric Propagation of Radiation, F. G. Smith, ed.), Environmental Research 
Institute of Michigan, Ann Arbor, Michigan, and SPIE Press, Bellingham, 
Washington (1993). 

5. G. W. Kamerman, "Laser Radar,” in J. S. Accetta and D. L. Shumaker, eds., The 
Infrared & Electro-Optical Systems Handbook (Vol. 6: Active Electro-Optical 
Systems, C. S. Fox, ed.), p. 26, Environmental Research Institute of Michigan, Ann 
Arbor, Michigan, and SPIE Press, Bellingham, Washington (1993). 

6. D. G. Rensch and R. K. Long, "Comparative Studies of Extinction and 
Backscattering by Aerosols, Fog, and Rain at 10.6 xm and 0.63 pm," Appl. Opt., 9, 
1563-1573 (1970). 


Chapter 1 


OPTICAL PROPERTIES OF INFRARED 
WINDOWS 


In addition to the obvious need for transparency, a critical requirement for a window 
in a hot environment is that it does not emit light that would obscure the scene being 
viewed. In this chapter we will explore transmission, emission and the related properties 
of reflection, refraction and scatter. 


1.1 A day in the life of a photon 


Consider what happens when light passes through an optical window with thickness 
6 in Fig. 1.1. Suppose for the moment that the material can transmit, absorb or reflect 
the light, but it cannot scatter light away from the incident direction. Radiant power Py 
(W/m2) strikes the first surface, where radiant power Rj is reflected and radiant power P] 
enters the sample. Some of P 7 is absorbed, so power P2 (<P) arrives at the second 
surface. Some power is transmitted through the second surface, and R2 is reflected. This 
process of partial reflection and partial transmission continues ad infinitum as the light 
ray bounces back and forth inside the window and eventually dies to near zero intensity. 
The net transmitted power, P, is the sum of all the partially transmitted light at the 
second surface. 


The attenuation of light as it passes through an absorber is exponential: 


P 
Internal transmittance = a = e ab (1-1) 


First surface Second surface 





Optical sample 


Fig. 1.1. Light passing through a slab of optical material. 
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where b is the thickness of sample (customarily expressed in cm) and @ is called the 
absorption coefficient, with units of cm™!. The fraction P2/P is called internal 
transmittance, while the fraction P/P, is referred to as external transmittance, in-line 
transmittance, or most commonly just transmittance. For a window with a thickness of 
b = 1.0 cm, an absorption coefficient of @ = 1.0 cm™! gives an internal transmittance of 


e-(1.0 em)-(1.0 em-!) _ 0.37, or 37%. If the absorption coefficient is 0.10 cm*!, the 
internal transmittance is increased to e~(0.10 cm)-(1.0 cm!) — 9q%, 


The external transmittance, P/P5, is the fraction of incident light that is transmitted 
through the window. The absorptance is the fraction of incident light that is absorbed: 


P)-P 
Absorptance = i 2 : (1-2) 
Po 


An absorptance of 0.10 means that 10% of the incident light is absorbed by the window, 
and usually converted to heat. One of the most sensitive methods for measuring low 
levels of absorptance is to measure the rise in temperature of the sample. 


Let's recap the confusing distinction between absorptance and absorption coefficient: 
Absorptance is a number between 0 and 1 that tells us what fraction of the incident light 


is absorbed by the window. An absorption coefficient of a cm=! means that e-& is the 
fraction of light passing through the first surface that is transmitted through a b-cm-thick 
window to the second surface. 


By analogy to the definition of absorptance, reflectance is defined as the fraction of 
incident light reflected back toward the source. At the first surface in Fig. 1.1, the radiant 
power R7 is reflected. At the second surface, R2 is reflected. When R2 arrives back at 
the first surface, some is transmitted back toward the original source, and some is reflected 
again. There are an infinite number of reflections at each surface, but their magnitude 
decreases rapidly, so only the first few are important. The quantity that we call reflectance 
is the total power from multiple internal reflections that is eventually transmitted back 
toward the source. 


Light is absorbed at the surface of a material, as well as inside.” For highly 
transparent materials, surface absorption can be significant in comparison to bulk 
absorption. Surface absorption depends on surface polishing and cleaning. To quantify 
surface absorption, we measure absorptance as a function of sample thickness for a series 
of samples with the same quality and surface finish. The y-intércept in a graph of 
absorptance vs. thickness is the thickness-independent surface absorptance (Fig. 1.2). In 
a study of 25-mm-thick zinc selenide at a wavelength of 8 lim, the two surfaces absorbed 
a total of 0.4% of the incident light, while the bulk absorbed 0.5% of the light.! A 
14-cm-thick specimen of potassium chloride at a wavelength of 3.8 [um absorbed a total 
of 0.0050% of incident light at the two surfaces and 0.0084% in the bulk.2 The 
unpolished cylindrical surface of commercial Nd:YAG (neodymium doped yttrium 
aluminum garnet) laser rods absorbs several percent of 1.06 jim radiation incident on the 


side of the rod.? 


“A surface absorption coefficient, Osyrface, is defined through the equation & = Qpyj_ + 
Osurface! 2b, where ois the measured total absorption coefficient [defined in Eq. (1-1)], 
Opylk is the bulk absorption coefficient, and b is the thickness of the sample. 
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In addition to being transmitted, absorbed or reflected, light can be scattered away 
from the incident direction. This happens when light passes into inhomogeneous regions 
of the sample, such as grain boundaries, impurities and voids. The fraction of incident 
light diverted from the incident direction is called scatter. Scatter can occur on both 
surfaces of a window, and inside the bulk. In practice, it may be difficult to distinguish 
bulk scatter from absorption, because both processes decrease the radiant power that is 
transmitted through the sample. The effective absorption coefficient for a sample has one 
component from true absorption and another from bulk scatter: 


Effective absorption coefficient = & = Ogbsorption + scatter (1-3) 


where Qgbsorption 1s the true absorption coefficient and Oscarter is the contribution from 
bulk scatter.* 


Since transmission, reflection, absorption and scatter represent everything that can 
happen to light as it passes through a material, the sum of transmittance (1), reflectance 
(r), absorptance (a) and scatter (s) must be unity: 


tt+r+at+s=l. (1-4) 


If a sample has negligible absorption and scatter, then the sum of transmittance and 
reflectance must be unity: 


t+r=1 (if absorption and scatter are negligible). (1-5) 


A high quality optical window with 20% reflectance will have 80% transmittance, since 
absorption and scatter are negligible for such a window. 


*As stated beneath Eq. (0-9), use of a scatter coefficient in the exponent of Eg. (1-1) is 
only valid for a scattering loss of ~20% in transmission. If the scatter contribution to 
optical loss is >20%, then Eq. (1-1) is not a good approximation. 
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1.2 Refraction and refractive index 


Refraction is the bending of a light ray when it passes from one medium to another 
of different refractive index. In Fig. 1.3 we see a light ray pass from a medium (such as 
air) of refractive index nj into another medium (such as an optical window) with refractive 
index n2. The angle of reflection (87) is equal to the angle of incidence. The angle of 
refraction (02) is not, in general, equal to the angle of incidence. 


Incident Reflected 
ray 










Refractive 
index = ny Fig. 1.3. Refraction (bending) 
of light at the interface between 


two different media. 
Refractive 


index = no Refracted 


ray 

The relation between the angle of incidence, @7, and the angle of refraction, 02, in 
Fig. 1.3 is given by Snell's law: 

nz sin 87 =n? sin @> . (1-6) 
The greater the ratio n2/n7, the more the light ray is bent from its incident direction. 


Refractive index also relates the speed of light (c) in a medium of refractive index, n, 
to the speed of light (c,) in vacuum (refractive index = 1): 


C=Co/in. (1-7) 
That is, when light travels through a quartz window with refractive index 1.5, its speed is 


reduced to 1/1.5 = 67% of its speed in vacuum. The frequency of light (v) does not 
change, but the wavelength (A) decreases to 67% of its vacuum value, since A v= c. 





Example: Angle of refraction. Suppose that a light ray passes from air (n = 1.0) 
into zinc sulfide (nm = 2.2), with an angle of incidence of 45°. What will be the angle of 
refraction? To answer this question, we use Snell's law, Eq. (1-6): 

nj sin @7 =n2 sin 02 => 1.0 sin 45° = 2.2 sin 09 => @5 = 18.7°. 


What would be the angle of refraction if the window were made from zinc selenide (n = 
2.4) instead of zinc sulfide? 


1.0 sin 45° =2.4sin 02 = 0)=17.1°. 


As the index of refraction increases, the angle of refraction decreases. What if the incident 
ray is normal to the interface between the two media? 
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1.0 sin 0° = n2 sin 82 = 62=0°. 


For any value of m2, there is no refraction of a perpendicular ray. 





Whenever n2 < nj in Fig. 1.4, there is a critical angle of incidence, 0., beyond 
which all light is reflected, and none is refracted. This explains how the optical fiber in 
Fig. 1.4 works.* The index of refraction of the cladding is less than that of the core. 
When light inside the core strikes the cladding at the angle 9; in Fig. 1.4, it can be 
reflected back into the core or refracted at the angle 0,. No light enters the cladding when 
6,.is 90°. To find the critical angle of incidence for the case n2 = 1.0 and nj = 2.0, we 
insert 82 = 90° into Snell's law: 


nj sin 0. =n2 sin 90° => 2.0sin0,=1.0:1 = 0.=30°. (1-8) 


That is, if the angle of incidence, 0,, is 230°, all light will be reflected back into the core. 
A ray entering one end of the fiber within the cone of acceptance will emerge from the 
other end of the fiber with little loss, providing the core is transparent. Optical fibers are 
flexible and can be bent (within reason) to transmit light from one point to another. 


Figure 1.5 shows the refractive index of numerous infrared window materials as a 
function of wavelength. Many materials, especially oxides and fluorides (containing the 
elements oxygen or fluorine), have refractive indexes less than 2. Heavier atoms with 
more polarizable electron clouds (more easily deformed by an oscillating electric field) 
give materials with higher refractive index. Sulfides and selenides (containing the 
elements sulfur or selenium) have refractive indexes above 2, while silicon and 
germanium have even higher refractive indexes. 





Jacket 







Cladding 


Core 







Cladding (n5) 


Cone of 
acceptance 0, 


Fig. 1.4. Optical fiber construction and principle of operation. 
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Fig. 1.5. Refractive index of infrared window materials as a function of wavelength. 
Curves were calculated with dispersion formulas in Table C.2 in Appendix C. The 
refractive index ng is plotted for the noncubic materials AIN, BeO, AlgO3 and 6H-SiC. 
For other noncubic materials, the refractive index is for polycrystalline materials. 
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For most materials, a Sellmeier equation of the form (1-9) accurately describes the 
variation of refractive index, n, with wavelength, which is called dispersion: 


Aj A2 AA AAA 
2 ok i - : 
Ried Dita ame aie ae Ce) 


where A is wavelength and A; and A; are empirical constants. Two or three terms on the 
right-hand side of Eq. (1-9) are typically required. Equation (1-9) is valid in regions where 
there are no strong absorption bands. Table C.2 in Appendix C gives dispersion 
equations used to prepare the graph in Fig. 1.5. 


Table C.1 in Appendix C lists the refractive index for many infrared window 
materials and indicates how the index varies with temperature. For example, in zinc 
sulfide the variation is close to dn/dT = 4 x 10> K"! in the wavelength range 1 - 10 um 
and over the temperature range -100°C to +200°C. Thus if the temperature is increased by 
100 K, the refractive index increases by (100 K) (4 x 10-5 K-!) = 0.004. 


Table C.4 shows how the refractive index changes when a material is subjected to a 
uniform (isostatic) pressure from all directions. For fused silica glass (Si02), the change 
is dn/dP = +9.2 x 10-4 kbar"! at a wavelength of 0.589 nm. (One bar is 10° Pa, which 
is 0.987 atmospheres.) When subjected to a uniform pressure of 2 kbar (approximately 
2000 atm), the refractive index increases by (9.2 x 10-4 kbar=!)(2 kbar) = 0.0018. 


In many handbooks on optical materials you will encounter the name “Irtran," which 
is a trade name that refers to hot pressed materials formerly manufactured by Eastman 
Kodak. Table 1.1 lists some commonly encountered trade names of infrared materials. 


Table 1.1. Trade names of some infrared optical materials 





Trade name Composition Chemical name 
Irtran 1° MegF> magnesium fluoride 
Irtran 2° ZnS zinc sulfide 
Irtran 3” CaF calcium fluoride 
Irtran 4* ZnSe zinc selenide 
Irtran 5" MgO magnesium oxide 
Irtran 6" CdTe cadmium telluride 
KRS-5 Tl(Br,D thallium bromide iodide 
KRS-6 TI(Br,Cl) thallium bromide chloride 
AMTIR-1t 33wt%Ge l2wt%As'S55wt%Se germanium-arsenic-selenium glass 
IRG-117 calcium aluminate glass 
BS37A8 calcium aluminate glass 
BS39B8 calcium aluminate glass 
Corning 97541 33wt%Ge07'37.3wt%Al203 germanate glass> 
19.7wt%CaO5wt%Ba0-5wt%ZnO 
BK-7* borosilicate crown glass | 
*Eastman Kodak +Schott Glass Technologies {Corning Glass Works 


t Amorphous Materials SBarr & Stroud 
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1.2.1 Birefringence 


We say that a glass is isotropic because its optical (and other) properties are the same 
in every direction. Crystalline materials have a regular structure in which different 
directions may be physically distinct. In crystals with a cubic structure, such as the 
sphalerite form of zinc sulfide, optical properties are the same in every direction. Crystals 
with lower symmetry than cubic, such as trigonal sapphire in Fig. 1.6, are anisotropic. 
That is, they have two or more distinct directions with different optical properties. 


Ordinary direction 
(3-fold symmetry axis) 










Fig. 1.6. Sapphire 
crystal showing 3-fold- 
symmetric optical axis 
(ordinary direction) and 
2-fold-symmetric extra- 
ordinary direction. Sap- 


Extra- phire crystal cleavage 
ordinary faces are customarily 
direction designated c, n, r and a, as 
(2-fold indicated. When viewed 


down the 3-fold c-axis, 
directions designated a and 
m alternate every 30°. 


symmetry 
axis) 





View down c-axis 


The 3-fold symmetry axis in Fig. 1.6 is designated as the c-axis in the sapphire 
crystal. It is also called the optical axis or the ordinary direction. The 2-fold symmetry 
axis perpendicular to the 3-fold axis is called the a-axis or the extraordinary direction. 
Table 1.2 lists the refractive index for the ordinary (”,) and extraordinary (,) directions 
for several crystals. The index of refraction of any of these materials varies continuously, 
depending on the direction through the crystal. We say that a material with two limiting 
values of the index of refraction is birefringent. 


Table 1.2. Refractive index of birefringent materials at 589.3 nm (sodium D line) 





Crystal No Ne 

Calcite 1.6584 1.4864 
Quartz 1.5443 1.5534 
Ice 1.309 1.313 
Magnesium fluoride 1.378 1.389 
Sapphire (at sodium D line) 1.768 1.760 


Sapphire (at 3 GHz microwave frequency) 3.06 3.40 
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Calcite (calcium carbonate) is a noteworthy example of a birefringent crystal with a 
large difference between the two optical directions. Figure 1.7 shows that light 
transmitted through a calcite crystal is split into two rays, each of which comes out of the 
crystal with a different polarization. By polarization, we refer to the direction of 
oscillation of the electric field of the electromagnetic radiation. 


Fig. 1.7. Burefringence 
of calcite crystal. 





An optical window that creates multiple images, depending on the viewing angle, 
would be disastrous. Nonetheless, the birefringent materials sapphire and magnesium 
fluoride in Table 1.2 are both common infrared windows. In the case of single-crystal 
sapphire, the quality of the optical image is limited by the slightly different refraction of 
the ordinary and extraordinary rays. A sufficiently high quality imaging system might 
not tolerate the birefringence. Magnesium fluoride, on the other hand, is usually used as 
a polycrystalline material consisting of microscopic, randomly oriented crystals 
compacted together. (See Box on next page) The crystal size is much smaller than the 
wavelength of light being viewed. As a result, the polycrystalline material is effectively 
isotropic, and two distinct images are not formed. | 


1.2.2 Preference for cubic materials 


Single-crystal windows with a cubic crystal structure are preferred over noncubic 
crystals so that multiple images are not formed (birefringence) as light passes through the 
window. In polycrystalline windows, the cubic crystal structure is also preferred to reduce 
optical scatter. As light passes from one randomly oriented grain to another inside a 
polycrystalline window containing noncubic crystals, the light is refracted and reflected at 
each grain boundary (Fig. 1.8). The net result is that some (or most) light is diverted 
from the incident direction, and this is called scatter. In cubic materials, the refractive 
index is constant, regardless of crystal orientation. As light passes from grain to grain of 
a polycrystalline cubic material, no refraction or reflection (i.e., no scatter) occurs. 


(However, stresses in a polycrystalline material could create birefringence and scatter — 
even with cubic crystal structures.) 


Optical scattering by noncubic polycrystalline materials is negligible if the crys- 
tallite size is much smaller (< 1/20) than the wavelength of light. Otherwise, noncubic 
materials generally produce severe scatter and cannot be used in polycrystalline windows. 
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Polycrystalline materials 


A perfect single crystal has a regular arrangement of atoms from one end of the 
crystal to the other. A glass has an amorphous structure in which there is no long range 
order. Most ceramic materials, including most infrared window materials, are 
polycrystalline. This means that they are composed of individual, randomly oriented, 
microscopic, single crystals arranged in a compact mass. The photograph below shows 
grain boundaries between individual crystals in optically clear yttria (Y203, pronounced 
it-tree-yuh). Grains in optical window materials typically range from less than one 
micrometer up to several hundred micrometers in size. Grain boundaries are amorphous 
regions that are usually a few to tens of atoms in thickness. Impurities tend to be 
excluded from the crystalline grains, so they aggregate at the grain boundaries. Therefore, 
the grain boundary is likely to have a different refractive index from the surrounding 
grains. Grain boundaries in the photo below are rich in silica, which was an impurity in 
the starting yttria powder. 


Grain structure of Raytheon yttria. 
Micrograph taken with crossed 
polarizers using first order red plate. 
(Courtesy Marian Hills, Naval 
Air Warfare Center.) 





Fig. 1.8. Refraction 
Exit and reflection at grain 
direction boundaries of a noncubic 
polycrystalline material 
cause optical scatter. 






Incident Incident 
direction direction 


Exit There is no refraction or 
direction reflection in a cubic 
material. 
Noncubic material Cubic material 


Polycrystalline materials are subject to other scattering mechanisms that are not 
present in single crystals. Tiny voids and roughness at the grain boundaries lead to 
scattering (see Fig. 2.8). Impurities that aggregate at grain boundaries can give rise to 
scatter and absorption. Hot pressed materials may contain carbon residues from 
incomplete burnout of the binders used in their fabrication. 
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1.2.3 Reproducibility of the refractive index 


Designers want to know the refractive index of optical materials very accurately. 
Optical glasses can be supplied with certificates stating the refractive index to the 5th 
decimal place with an accuracy of ~3 x 10°°. Unfortunately, infrared window materials 
tend not to be so reproducible. Figure 1.9 shows that the refractive indexes of sapphire 
manufactured by two different methods (designated HEM and EFG) differ by ~0.001. 


No (HEM 
4.775 ae Fig. 1.9. Refractive 
: index at 295 K of 
No (EFG) 5 sapphire grown by 
1.770 : different crystal growth 


methods designated 
HEM and EFG 
(described in Section 
5.4.2).© The refractive 
index of the differently 
grown materials differs 
by ~0.001. 


ak 
“i 
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oO 
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~I 
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1.3 Reflection and transmission 


When reflection from a smooth surface, called specular reflection, occurs, the angle of 
incidence is equal to the angle of reflection (Figs. 1.3 and 1.10). Light reflected from a 
rough surface, cailed diffuse reflection, may emerge at almost any angle because it strikes 
the jagged surface at various angles (Fig. 1.10). Diffuse reflection is another term for 
surface scatter. 











Fig. 1.10. Specular 
and diffuse reflection. 





Specular Diffuse 


We restrict our discussion to perpendicular incidence of light onto a smooth surface, 
such as an optical window (Fig. 1.11). If the window has a refractive index 72, and the 
surrounding medium has refractive index nj (usually air, for which #7 = 1), then the 
fraction of incident radiant power reflected at each surface is 
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n 
7 
P, Fig. 1.11. Transmission 
and specular reflection with 
perpendicular incidence. 
Po 
nj -n2\2 
Reflectance from one surface = R={——~ | . (1-10) 
ny] + n2 


In the case where the surrounding medium is air, we can set nj = 1 and simply call ng =n 
and rewrite Eq. (1-10) in the form 


R= ( ae - - y" (one-surface reflection from window in air). (1-11) 


Equation (1-11) applies to a window that has negligible absorption. 


The total reflectance (fraction of incident light reflected back toward the source, P,/P, 
in Fig. 1.11) arises from light reflected from both entry and exit surfaces, and includes 
contributions from multiple internal reflections. The total reflectance turns out to be 


2R 
1+R- 





Total reflectance = r= (1-12) 


If there is no absorption or scatter, the transmittance (fraction of incident light 
transmitted, P/P, in Fig. 1.9), is 1 minus the reflectance: 


2n 
n2+41° 





Transmittance =t=1-r= (1-13) 





Example: Reflection and transmission by a nonabsorbing window. Let's calculate 
the reflectance and transmittance for perpendicular incidence of light onto smooth 
windows of glass (nm = 1.5), ZnS (n = 2.2) or Ge (n = 4.0) in air. To do this, we use 
Eqns. (1-11), (1-12) and (1-13). For glass, the calculations look like this: 

R= sy 2 x 0.040 


ds = 0.040 => T=74 0.0407 0-077 - 


t= 1 - 0.077 = 0.923 . 


That is, 4.0% of incident light is reflected from one glass surface, the total reflection is 
7.7%, and the net transmittance is 92.3%. Similarly, for ZnS and Ge we can find the 
values in Table 1.3. As the index of refraction of the window increases, the reflection 
increases and the transmission decreases. 
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Table 1.3. Reflection and transmission for flat windows 


Material Refractive index Single-surface Total reflectance § Transmittance 
(n) reflection (R) __) (t) 

Glass 1.5 0.040 0.077 0.923 

ZnS 2.2 0.141 0.247 0.753 

Ge 4.0 0.360 0.529 0.471 





Figure 1.12 is a graph of Eq. (1-13) showing the positions of several infrared window 
materials. Based on its low refractive index and consequent low reflection, magnesium 
fluoride would have a transmittance of 96% at a wavelength of 4 1m. In contrast, a 
germanium window would transmit only 47% because of its high refractive index. For 
materials like germanium, an antireflection coating (Section 6.1) is critical to obtain 
adequate transmittance. 


Spinel 


Fig. 1.12. Trans- 
mittance of per- 
pendicular incident 
ray based on Eg. 
(1-13), assuming no 
absorption or scatter. 
The refractive index 
of each material is 
shown for a wave- 
length of 4 Lm. 
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1.3.1 Transmission of an absorbing window 


When a material absorbs light, as well as reflecting light, Eq. (1-13) must be 
modified to find the transmittance. If the absorption coefficient is a, the transmittance is 


(1 - R)2 e—ab 


Transmittance = t= 
1- R2 e-2ab 


(1-14) 


where 6 is the sample thickness and R is the single-surface reflectance given by Eq. 
(1-11). If there is bulk scatter, it should be included in the value of @ used in Eq. (1-14). 
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Example: Transmission through an absorbing window. Zinc sulfide has an 
absorption coefficient of 0.077 cm! at 10 am wavelength.’8 In Table 1.3 we calculated 
that zinc sulfide should have a transmittance of 0.753 for unabsorbed light with 
perpendicular incidence. Taking into account the absorption, what is the expected 
transmittance of a 1.0-mm-thick or 1.0-cm-thick zinc sulfide window? Using the value R 
= (.141 from Table 1.3 and the absorption coefficient @ = 0.077 cm=! in Eq. (1-14), we 
find 


1 - 0.1412 e-2(0.077 cm=1)(0.10 cm) — 0.747 . 


For b = 0.10 cm: t= 


(1 - 0.141)2 e~ (0.077 cm-!)(1.0 cm) 


1 - 0.1412 e-2(0.077 cm-!)(1.0 cm) ~ 0.695 . 


For b = 1.0 cm: t= 


The transmittance is reduced by only 0.006 because of absorption by the 1.0-mm 
window, but by 0.058 for the 1.0-cm window. The greater the absorption coefficient and 
the greater the thickness, the lower will be the transmittance. Optical window materials 
typically have absorption coefficients in the range 10-4 to 10°! cm-!. 


1.3.2 Etalon effect 


Optical windows with well polished, parallel surfaces occasionally have a "wavy" 
transmission spectrum instead of a constant, flat transmission. An extreme example is 
shown in Fig. 1.13. The oscillations result from constructive and destructive interference 
of light waves bouncing back and forth between the two surfaces. The waviness is 
sometimes called an etalon effect because an etalon is a device with two parallel plates 
whose transmittance is determined by the interference of waves bouncing between the 
plates. Figure 1.14 shows that a reflected ray passing through a window of thickness b 
traverses an additional distance 2b, compared to a nonreflected ray. The reflected and 
nonreflected rays reinforce each other when the pathlength difference, 2b, is an integer 
multiple of the wavelength A (measured inside the window) The rays interfere 
destructively when the pathlength difference is a half-integral multiple of the wavelength. 


The transmittance of a window that behaves as an etalon is given by a more complete 
version of Eq. (1-14): 


(1 - R)? e~% 


Transmittance with etalon effect = ——————-____--—"_______—— 
1+ R2 ¢-246 _ OR 6-2 cosy 


(1-15) 


where @ = 4mnb/Ay. Here n is the refractive index of the window and A, is the 
wavelength of radiation measured in vacuum. 


If you measure the change in the spacing between peaks in Fig. 1.13 as a 
function of temperature, and if the thermal expansion coefficient of the material is known 
independently, then you can deduce the change in refractive index (dn/dT) from the change 
in spacing of the fringes.?»!9 Let the mean distance between peaks in Fig. 1.13 be A. 
The change in A. with respect to temperature (7) is given by 
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Fig. 1.13. Transmittance of diamond plate showing interference fringes from the 
parallel polished faces. The curve fit uses a fraction of the peak-to-valley transmittance 
difference predicted by Eq. (1-15). (From M. Thomas, Applied Physics Laboratory.?:19) 


Fig. 1.14. Etalon effect. A 
Window light ray traverses a distance b 
ss through a window. A reflected ray 
Pang = 2 traverses a distance 3b. (The 
reflected waves are offset for clarity. 
They really traverse the same path 
back and forth through the 
window.) The two waves reinforce 
each other when the difference in 
pathlength, 2b, is an integer 
multiple of the wavelength A. The 
ealnlengine:3e Wavencth A inside ine anand is 
be fp —2>| equal to the wavelength in vacuum 
divided by the refractive index of the 

window: A= A,/n. 






Unreflected ray 


Reflected ray 


dA__,[ldn, 1db 
ar 4 [; art bd (1-16) 


where n is the refractive index and b is the thickness of the window. The quantity 
(1/b)(db/dT) is the thermal expansion coefficient, usually designated @. 





Example: Measuring dn/dT from the etalon effect. The mean spacing between 
interference peaks for diamond in Fig. 1.13 is A = 4.083 cm’! at 300 K.!0 (The spacing 
between peaks is sometimes called the "free spectral range.") The spacing was measured 
as a function of temperature up to 784 K and a graph of A versus T had a slope dA/dT = 
-35.9 x 10° cm! K-!. The refractive index of diamond in the spectral region in Fig. 
1.13 is n = 2.38 and the mean expansion coefficient for the range 300 - 784 K is @ = 2.7 
x 10° K-!_ Therefore, the mean value of dn/dT for the temperature range 300 - 784 K is 


ldn 


dA _ ldn 
aT = AL r+ @ | 
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: 6 om-l K-1 = -1)f_1 an -6 x-l 
35.9 x 10° cm! K - (4.083 cm ea a at 2.7xX 10° K | 
an -6 1 
a 14.5 x 10°6 K-! 


The conventional, and generally most accurate, means to measure refractive index is 
to carefully construct a prism of the material of interest and measure the angle of 
refraction of monochromatic radiation passing through the prism. By placing the prism 
in a furnace and varying its temperature, dn/dT can be measured directly. Figure 1.15 
shows the result of such an experiment with gallium phosphide. 
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1.4 Optical constants: n and k 


A full description of an electromagnetic wave that is attenuated by absorption requires 
a complex refractive index, N, defined as 


N=n- ik (i = V-1) (1-17) 


where n is the real part of the refractive index, with which we are familiar, and k (the 
extinction coefficient) is the imaginary part. The absorption coefficient, a in Eq. (1-1), 
is proportional to k: 


Atk 
a= “4 (1-18) 


Some authors tabulate absorption in terms of k instead of a./:11:12 Figure 1.16 
shows the complex components of the refractive index of diamond plotted as a function of 
wavelength. Using the complex refractive index, the single-surface reflection in air, 
analogous to Eq. (1-11), is 


™ 2 2 « e . . 2 
= ee ; 7 a . - (normal incidence reflection from surface in air). (1-19) 
Equation (1-19) gives the correct expression for R that should be used in Eqns (1-12), 
(1-14) and (1-15). However, in its "window" region, an infrared material is nearly 
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transparent and k is small compared to the other terms in Eq. (1-19). Therefore it is 
usually fine to use Eq. (1-11) for the single-surface reflection in the window region. 





Example: Relation between absorption coefficient, a, and extinction coefficient, k. 
The maximum absorption for diamond in the infrared region in Fig. 1.16 is at 4.96 um, 
where k = 5.2 x 104. Let's find the absorption coefficient and calculate the transmittance 


of a 1.0-mm-thick diamond whose refractive index is 2.38. The absorption coefficient is 
related to k by Eq. (1-18): 


oy = ARK — 405.2% 10) 
~ A ~ (4.96 pm)(10-4 cm/pm) 


and the transmittance can be calculated with Eqns. (1-11) and (1-14): 


l1-n\2 1 - 2.38 \2 
r=(7*) S CET ET UNG? 


13 cm=! 





(1 - R)2 e—ab (1 -0.167)2 e~ U3 cm-!)(0.10 cm) 


t= p2 o-20b 10.1672 e213 em™1y0.10em) 


A 1.0-mm-thick diamond will transmit 18.9% at the absorption maximum. 


WAVELENGTH (um) 
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2 Fig. 1.16. Optical 
constants, 7 and k, for 
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0.4 and 2.5 um, k is 


too low to measure. 


Log n or Log k 


-6 





-1.2 -0.8 -0.4 £40.0 0.4 0.8 
Log (WAVELENGTH, um) 


1.5 General behavior of absorption coefficient and refractive index 


The shapes of the curves for n and k in Fig. 1.16 generally apply to any optical 
material. This behavior is illustrated for yttria in Fig. 1.17, which shows n and a, the 
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Fig. 1.17. Refractive index () and absorption coefficient (a) of yttria. In general, all 
optical materials have regions of strong absorption in the infrared due to lattice vibrations 
and in the ultraviolet (and sometimes visible) due to electronic transitions. Brackets at 
the lower right indicate approximate ranges of absorption coefficients of materials used for 
thin coatings, windows and optical fibers. Adapted from Thomas.14-16 


absorption coefficient. In the lower curve in Fig. 1.17, the absorption coefficient is high 
in the infrared region (in the wavenumber range ~100 to 1000 cm-!) and the ultraviolet 
region (~10° cm-!), Infrared radiation is absorbed because it has the right energy to excite 
vibrational modes of the material, causing atoms to oscillate with greater amplitude about 
their equilibrium lattice positions. Ultraviolet radiation is absorbed because it has the 


right energy to promote electrons from low lying electronic energy levels (bands) to 
excited energy levels. 
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Between the two strong absorption regions is a window in which the material is 
transparent. The infrared edge of the window is called the multiphonon region because the 
transitions responsible for the weak absorption arise from multiple excitations of one or 
more vibrational modes (phonons). The ultraviolet edge of the window is called the 
Urbach tail. Equations describing the infrared multiphonon absorption and the Urbach tail 
for several infrared materials are available.17-18 


In the window region between strong infrared and ultraviolet absorption, the very 
weak absorption is said to be extrinsic, because it is not a property of the pure, perfect 
material. The weak absorption arises from impurities (such as -OH groups in yttria) and 
crystal defects which, in principle, could be decreased to give lower absorption. Much of 
the transmission loss in the window region can arise from scattering by crystal defects, 
voids, and surfaces. In a more perfect material, this scatter could be reduced. Properties 
of the pure, perfect material are said to be intrinsic. Observed properties arising from 
impurities and imperfections are extrinsic. 


As an example of the extrinsic nature of absorption in the window region, the 
absorption coefficient of sapphire fibers from different sources varied from 3 x 10-6 to 2 
x 10-4 cm! at a wavelength near 1 um.!9 If absorption were intrinsic, it would be the 
same in all specimens. In another study, different sapphire fibers had attenuations of 
0.016 to 2.16 dB/cm at a wavelength of 0.83 um.29 These attenuations include 
contributions from both absorption and scatter. 





Example: Converting dB/cm to an absorption coefficient. What absorption 
coefficient (a) corresponds to an attenuation coefficient (y) of 0.016 dB/cm? Equation 
(0-9) expressed transmittance in terms of the attenuation coefficient: transmittance = t= 
10°75/19_ If the pathlength, b, is expressed in cm, then the units of y are dB/cm. But 
we also know from Eq. (1-1) that t= en Ob, Equating the two expressions for t gives 


t= 10°YO/N10z e-ab | 
Writing the number 10 as elnl0 jets us solve for a in terms of 7 


(eln 10)-yb/10 eb = 2 tn 10 = -ob => a = 7 1ni0. 


Substituting in y= 0.016 dB/cm gives a = (0.016/cm)(1n10)/10 = 0.0037 em}, 





The refractive index in Fig. 1.17 is nearly constant in the window region of any 
material, but varies wildly in the regions of strong absorption. The refractive index in the 
visible/infrared window region decreases slightly as the wavelength increases, which is 
described as "normal dispersion." In the far infrared/millimeter wavelength region, the 
refractive index also decreases slightly with increasing wavelength. 


1.6 Transmission spectra of infrared materials 


Figures 1.18 and 1.19 show infrared and ultraviolet/visible transmission spectra of 
many infrared window materials.2! Most of the materials are nearly opaque (t ~ 0) at 
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Fig. 1.19.a. Ultraviolet/visible transmittance of infrared window materials. See 
legend after Fig. 1.19.c. Spectra of sapphire, ALON and spinel have been interpreted in 


terms of band gaps of 9.1, 6.5, and 8.0 eV, respectively.22 
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Fig. 1.19.b. Ultraviolet/visible transmittance of infrared window materials. 
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Fig. 1.19.c Ultraviolet/visible transmittance of infrared window materials. 


Legend: (a) Single-crystal MgF2: John H. Ransom Laboratories, 2.7 mm thick. 
Polycrystalline MgF2: Kodak hot pressed Irtran 1®, 2.0 mm thick. Single-crystal LiF, 
5.4 mm thick. Sapphire: Union Carbide single crystal, 60° cut, 2.6 mm thick. Spinel: 
Coors polycrystalline MgAl204, 1.7 mm thick. Polycrystalline ALON: Raytheon, 1.9 
mm thick. (b) Quartz: 4.7 mm thick. Fused silica: 5.3 mm thick. CaF2: Kodak 
Irtran 3®, 1.1 mm thick. Calcium aluminate glass: 2.6 mm thick. Multispectral ZnS: 
Raytheon, 5.2 mm thick. ZnSe: Raytheon, 7.1 mm thick. GaP: Raytheon, 3.0 mm 
thick. Standard ZnS: Raytheon, 6.0 mm thick. GaAs: single crystal, 0.65 mm thick. 
Si: 2.8 mm thick. Ge: 2.8 mm thick. (c) Polycrystalline yttria: Raytheon Y203, 2.0 
mm thick. Polycrystalline lanthana-doped yttria: GTE 0.9La203-0.91Y203, 2.0 mm 
thick. Single-crystal MgO, 2.0 mm thick. Single-crystal Y2O3, 2.0 mm thick. Spectra 
of single-crystal MgO and Y203 were computed from the optical constants n and k given 
in Palik!! using Eqns. (1-19), (1-18) and (1-14). 


sufficiently long wavelength in the infrared region and at sufficiently short wavelength in 
the ultraviolet region. Opaque regions correspond to lattice and electronic absorptions in 
Fig. 1.17. Between these two opaque regions is the useful transparent infrared/visible 
range for each window material. Transmittance in the window region is governed by 
extrinsic scattering and impurities. 


For example, the sharp absorption band near 3615 cm-! in polycrystalline MgF2 
(Irtran 1) at the left in Fig. 1.18a arises from an impurity, which might be HF. The 
absorption is absent in the spectrum of single-crystal MgF2 in Fig. 1.18c. Single-crystal 
MgF> is transparent in the visible and ultraviolet regions in Fig. 1.19a. The ultraviolet 
absorption of single-crystal MgF2 becomes strong at wavelengths below 0.11 um, 
reaching a maximum at 0.06 p.m, which is not shown in Fig. 1.19. By contrast, 
polycrystalline MgF (Irtran 1) in Fig. 1.19a is nearly opaque at visible and ultraviolet 
wavelengths because of strong scattering from the polycrystalline material (Fig. 1.8). 
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1.7. Measuring the absorption coefficient 


If sufficiently thick (5 - 20 mm), polished samples of a material with absorption 
coefficient a > 0.05 cm! are available, there are two relatively easy ways to measure the 
absorption coefficient from the transmittance. For lower absorption coefficients and/or 
thinner samples, laser calorimetry becomes the method of choice. 


1.7.1 Direct transmittance measurements 


The simplest method applicable to a single thick sample with sufficiently large 
absorption coefficient is to rearrange Eq. (1-14) and solve for a: 


. 4 yf eR” /p2 (1-R)* 
a= > mf 7 + JR2+ a ) (1-20) 


where b is the sample thickness, ¢ is the measured transmittance, and R is the single- 
surface reflectance calculated with Eq. (1-11), which requires knowledge of the index of 
refraction. Equation (1-20) is the least accurate, but easiest, way to find @ for a relatively 
transparent material. The main problem is that when @ is small, a small uncertainty in t 
gives a large uncertainty in a. If the material has significant absorption, then Eq. (1-20) 
is accurate. Another problem with this method is that there is no distinction between 
scatter losses and absorption losses. The value of @ measured in this way includes 
contributions from both bulk and surface scatter. 





Example: Calculating the absorption coefficient from a single sample. A 1.59-cm- 
thick sample of zinc sulfide exhibits a transmittance of 66.5% at a wavelength of 9.0 tum, 
where the refractive index is 2.211. The single-surface reflectance, R, is calculated with 


Eq. (1-11): 


1 - 2.211 
R= [oa +2211 * =0.1422. 


Now we will use Eq. (1-20) to find a: 


(1 - 0,1422)2 +f o.r4za? 4 = 0.142295 2 , (= 0.1422)4 ) _ 2 
a= yo In n( 2(0.665) 0.1422 4(0.665)2 = 0.074 cm™*. 


This value of @ includes contributions from both bulk and surface scatter. 





A better, but still simple, way to find @ uses two samples of different thickness 
(Fig. 1.20).!8 With the assumptions that reflection and surface scatter are the same from 
both samples, then the only difference in external transmittance is due to absorption in 
the bulk.” In this case the absorption coefficient is given by 


_ In (t7/t2) 


bb (1-21) 


“To help guarantee consistent surfaces, a single prism may be used instead of two 
samples. Transmission is measured through thick and thin regions of the prism. 
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Fig. 1.20. Use of two equivalent 
samples of different thickness to 
measure the absorption coefficient. 
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where t] is the transmittance through sample 1 (= P7/P )), t2 is the transmittance of 
sample 2, and b; and b2 are the two thicknesses. If the surface scatter from both samples 
is the same, it will cancel in this measurement. However, bulk scatter contributes to the 
difference between the two transmittances. Therefore the value of a determined with Eq. 
(1-21) includes a contribution from bulk scatter, but not surface scatter. 


1.7.2 Laser calorimetry 


A sensitive way to measure low absorption coefficients of transparent materials is by 
laser calorimetry.*3 In this method, a laser is transmitted through the thermally insulated 
material under study and its temperature is measured as a function of time. From the rise 
in temperature, we can calculate how much laser power was absorbed, and, hence, the 
absorption coefficient. This method is useful for values of a as low as 10° cm=!. Bulk 
scatter decreases the accuracy of laser calorimetry because it increases the effective 
pathlength of light through the specimen. 


Figure 1.21 shows a laser calorimetry experiment and typical results.24 Two 
crystals of an optical window material were suspended on thin nylon fibers in a vacuum 
chamber and one was irradiated with a laser whose power was carefully stabilized. The 
temperatures of both crystals were monitored by low-mass thermistors labeled 1 - 4. The 
responses of thermistors 1 and 2 were essentially identical, and the responses of 
thermistors 3 and 4 were also nearly identical. The graph displays the temperature 
difference between the sample crystal and the reference crystal. 


The laser was turned on at time 0 and left on until the time tg (~2100 s) on the 
graph. The temperature of the sample rose during irradiation, but in a nonlinear manner. 
The hotter the sample became, the faster it lost heat by radiation (and some conduction) to 
the surroundings. After time ¢,, the sample cooled off. 


Analysis of the heating and cooling curves in Fig. 1.21 proceeds as follows.24 If the 
absorption coefficient is a and the pathlength is b, the power absorbed from the laser is 


__(-R)-e®) 


Power absorbed = aP, = P 1-22 
Oo d 7 Re- aby oO ( ) 


where a is the absorptance — the fraction of incident laser power, P,, absorbed by the 
sample. The one-surface reflection coefficient, R, was given by Eq. (1-11). 
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Fig. 1.21. Laser cal- 
orimetry experiment.24 
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If the sample were not losing heat, the rate at which its temperature, 7, would rise 
would be 


, dT aPo 
Heating rate = a ae (1-23) 
where ¢ is time, m is the mass of the sample and C is the heat capacity of the sample 
(units = J/(g°K)). The numerator on the right side of Eq. (1-23) is the power absorbed by 
the sample. The denominator is the energy required to raise the sample temperature by 1 
degree. In the absence of heating, the rate at which the sample cools is proportional to 
the difference in temperature between the sample and its surroundings (AT). 


_@_ 2 
Cooling rate = a ae AT (1-24) 
where p is an empirical constant that accounts for radiative and conductive heat losses. In 
Fig. 1.21, AT is the temperature difference between the sample and reference crystals. 


The curve in Fig. 1.21 is described by the sum of Eqns. (1-23) and (1-24), which can 
be integrated to obtain 
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P 
Combined heating and cooling: AT = - (1 - ePllmC) | (1-25) 


To analyze the curve in Fig. 1.21, we first find the constant p by a least-squares fit to the 
cooling portion after time t;. The integrated form of Eq. (1-24) which describes the 


cooling curve is AT = ATmax eP{!!s/™C, Once the constant p is known, the rising 


portion of the curve is fit to Eq. (1-25) to find the absorptance, a. From the absorptance, 
we can find the absorption coefficient, a, by using Eq. (1-22). 


Table 1.4. Absorption coefficient Accurate measurements of absorption 
at 10.6 im of one diamond specimen coefficients require extreme attention to 
(0.75 mm thick) measured by laser detail. Caution is indicated by the 
calorimetry in different laboratories2> example in Tabie 1.4 in which one optical 

sample was sent to three different 
Lab 1 0.07 +? laboratories for measurements. Reported 
Lab 2 0.11 + 0.03 absorption coefficients vary by a factor of 
Lab 3 0.23 + 0.04 3 and do not agree within the estimated 


uncertainties of the measurements. 


By studying samples that have different thicknesses, but are otherwise identical, it is 
possible to decompose the measured absorption coefficient into bulk and surface 
components, as in Fig. 1.2. For example,26 it was found that the surface absorption 
coefficient of zinc selenide at 10.6 um was constant near 6 x 10-4 cm:! in the 
temperature range 20-140°C. Between 140 and 200°C the surface absorption coefficient 
decreased by 50%, perhaps as a surface impurity baked off. Above 250°C, the surface 
absorption coefficient increased as a new surface species was created by heating. 


1.8 Emissivity 


In Section 0.2 we saw that a blackbody is a perfect absorber and emitter of light. 
The emissivity of a material tells us the fraction of the radiation of a blackbody that is 
emitted: 


radiant power emitted by material (1-26) 
radiant power emitted by blackbody : 


Emissivity = € = 
Emissivity is a number that varies between 0 (for a transparent material) and 1 (for a 
black material with zero reflection). It varies with wavelength and temperature. In 
general, a good absorber is a good emitter. 


Figure 1.22 gives examples of emission spectra.28-29 Notice the mirror image 
relationship between transmittance and emittance. When the transmittance is high, the 
emittance is low, and vice versa. In its transparent region, an optical window is a low 
emitter. In its opaque region, it is a strong emitter. 


* The terms "emissivity" and "emittance" are used interchangeably in the literature. One 
possible distinction is that "emissivity" is an ideal property of a pure, perfect material and 
“emittance” is a property of an actual specimen of material (which is never pure), 
including the radiation derived from intentional or unintentional surface coatings (such as 
naturally occurring oxide coatings on metals).27 We will tend to use the word 
"emittance" for real specimens of window materials. 
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Fig. 1.22. Transmittance and emittance of hot pressed MgF?2 (1.0 mm thick) and ZnS 
(3.8 mm thick).28 Reference 29 shows emittance spectra of other common infrared 


window materials. The following emittance values were reported*> for 0.305-cm-thick 
Bausch & Lomb hot pressed MgF> averaged over the wavelength range 3 - 5 um: 


Temperature (°C) 21 201 356 542 
Average emittance (+0.005) 0.007 0.017 0.017 0.022 


For a window material with a single-surface reflection, R, given by Eq. (1-19), the 
emissivity normal to the surface is given by 


: _ ae Ab 
gos R)(1 - e°%7) 


(1-27) 
1 - Re-& 


where @ is the absorption coefficient and b is the sample thickness.” For fairly 
transparent windows with low emissivity, it is usually true that a@b << 1. In this case, 
Eq. (1-27) can be simplified (using the approximation e* = 1 - x) to the form 


Estimating emittance of a window: € = ab (for ab << 1). (1-28) 





Example: Estimating emittance. To estimate the emittance normal to the surface of 
a window with a thickness of b = 0.20 cm and an absorption coefficient of a@ = 0.10 
cm-!, we simply plug these values into Eq. (1-28): 


€ = ab = (0.10 cm™4)(0.20 cm) = 0.020 = 2.0% of emittance from a blackbody 





Figure 1.23 shows experimental and calculated emittance of four midwave infrared 
materials.2233 Calculations are based on a multiphonon model!4:15 available in 
software called OPTIMATR®.34 The software predicts the refractive index and 
absorption coefficient versus temperature, and emissivity is calculated with Eq. (1-27). 


*Hemispheric emissivity is the radiant emission into a hemisphere adjacent to a point on 
a surface. Calculation of hemispheric emissivity for a transparent body is rather more 
complicated than Eq. (1-27).2! 
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Fig. 1.23. Experimental and calculated emittance of spinel, ALON, sapphire and yttria 
normal to the surface of 1.0-mm-thick specimens.3233 Calculations are based on a 
multiphonon model!4:15 embodied in commercial software called OPTIMATR® .34 


42 Materials for Infrared Windows and Domes 


Mathematical models are unreliable for the window region of any material, where 
emittance and absorbance are governed by extrinsic impurities and defects which are not in 
the model. In Fig. 1.23, yttria exhibits a broad band with ~0.02% emittance at 4000 to 
10 000 cm-! which does not arise from pure, perfect yttria. We cannot use a model based 
on intrinsic properties to predict the behavior of a real material in the window region. 
Models are useful up to — but not beyond — the edges where absorption or emission 
decrease to low levels. 


1.9 Effect of temperature on absorption and emission 


The absorption edge of an infrared window material shifts to shorter wavelength as 
temperature increases (Fig. 1.24).35-37 What really happens is that the weak absorptions 
present in this region gain intensity. When measuring transmission at elevated 
temperature, it is necessary to subtract the emission from the sample, which makes the 
apparent transmission greater than the actual transmission.28 
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Fig. 1.24. Temperature dependence of transmission of zinc sulfide and sapphire.>° 
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Figure 1.25 is another way of plotting the sapphire absorption of Fig. 1.24. Data 
points in Fig. 1.25 are measured at 295 or 775 K and the solid lines are fit to model 
equations.29 The two data points represented by squares at the right side of Fig. 1.25 
were measured by laser calorimetry and are thought to be accurate, even though they lie 
far above the theoretical line for 295 K. In the window region where the squares were 
measured, absorption is dominated by impurities and/or defects in the material. If the 
sapphire could be made more perfect, the measured absorption ought to decrease and 
approach the theoretical line. 


When the absorbance of a material increases, so does its emittance. Figure 1.22 
showed the actual increase of emittance for magnesium fluoride and zinc sulfide, while 
Fig. 1.26 shows the predicted behavior of spinel, ALON, sapphire and yttria. 


Recall from Eq. (0-4) that radiant emission from a blackbody is proportional to the 
fourth power of absolute temperature. If the temperature triples from 300 K to 900 K, 
emission increases by a factor of 34 = 81 (and the peak emission moves to shorter 
wavelength). A sapphire window at 1000°C (1273 K) emits 7.4 times as much radiant 
energy as the same window at 500°C (773 K) if the emissivity is the same. Near the 
absorption edge the emissivity increases with temperature, so the emission is even more 
than 7.4 times greater at a given wavelength. 





There are two severely detrimental effects of increased emission from a window or 
dome. One is that radiation emitted from the window can be so great as to obscure 
radiation from the object being observed. The signal-to-noise ratio becomes too small to 
detect signal. This problem is discussed in Section 2.4. Another possible effect is that if 
emission from the window or dome is great enough, the detector may be saturated by 
photons and no longer respond to signals. 


How hot do infrared windows and domes become in military systems? Figure 1.27 
shows the stagnation temperature at the front tip of an object traveling through the 
atmosphere. This is the steady state temperature that is reached as a result of frictional 
heating of the object by air. This temperature is typically attained by the front of the 
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dependence of the emittance of 
spinel, ALON, sapphire and 
yttria calculated with absorption 
coefficients from the program 
OPTIMATR.>* Table C.3 in 
Appendix C provides represent- 
ative absorption coefficients from 
OPTIMATR. The bottom graph 
compares all four materials. 
Transparent yttria was developed 
in the 1980's because of its low 
midwave emissivity. Unfortu- 
nately, the thermal shock 
resistance of yttria is less than 
that of sapphire, so yttria has not 
replaced sapphire in applications 
involving rapid heating of the 
window. 


Optical Properties of Infrared Windows | AS 


Table 1.5. Stagnation temperature as a function of speed at 10 km altitude” 


Mach Stagnation Mach Stagnation 
number temperature (°C number temperature (°C 
1 “5 4 660 
2 130 5 1060 
3 350 6 1560 


*Stagnation temp. (K) = (ambient temp.) x (1+0.2 M2), where M is Mach number and 
ambient temperature is 288 K at sea level, 223 K at 10 km, 216 K at 20 km and 231 K at 
30 km. 


dome on a missile (Fig. 0.1) at low altitude” after a few seconds of flight. Table 1.5 
shows that domes reach significantly high temperatures for speeds above Mach 3. 
Emission of light from the dome of a missile traveling at Mach 4 or higher is a very 
important consideration. , 


TEMPERATURE (°C) 





0 1 2 3 4 5 6 
MACH NUMBER 


Fig. 1.27. Stagnation temperature as a function of Mach number and altitude. 


* At high altitude a dome takes longer to reach the stagnation temperature, and may not 
reach that temperature if the heat transfer coefficient is too small. The heat transfer 
coefficient is the rate of transfer of energy (W/ [m2-K]) from the air to the dome. Heat 
transfer becomes smaller as the air density decreases at increasing altitude. 
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1.10 Free carrier absorption in semiconductors 


Semiconductors have a relatively low energy band gap separating the valence band 
that is filled with electrons and the conduction band that is empty, or nearly so (Fig. 
1.28). Interband absorption occurs when light whose energy is greater than or equal to 
the band gap promotes an electron from the valence band to the conduction band. If the 
band gap is small enough and the temperature is high enough, there will be some thermal 
population of electrons in the conduction band and holes in the valence band. Electrons 
in the conduction band can absorb virtually any small increment of energy to be promoted 
to a higher state within the same band. This is called free carrier absorption, or intraband 
absorption. 


Fig. 1.28. Energy 
bands and types of 
transitions for a 
semiconductor. 


Interband 
transition 


Band gap 


Energy ——> 





Filled valence band 


Table 1.6 shows that germanium has a relatively small band gap and will, therefore, 
have a relatively high population of free carriers. Figure 1.29 shows that as the band gap 
increases in different materials, free carrier concentration decreases.40 As the temperature 
increases, the free carrier concentration increases. 


Table 1.6. Band gaps and approximate upper temperature limits for transmission 


a ee 
Material Band gap (electron Volts, eV) Estimated upper useful temperature CC)" 


Ge 0.7 ~100 

Si 1.1 ~260 
GaAs 1.4 ~460 
GaP 2.2 ~640 
Z2ns 3.6 - 


*The rough estimate of upper operating temperatures is based on drawing a horizontal line 


near 1015 carriers/cm? in Fig. 1.29. Doped semiconductors with higher carrier 
concentrations will have lower useful operating temperatures. 
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Since the free carrier absorption coefficient is proportional to the concentration of free 
carriers, absorption by a semiconductor increases with temperature. The band gap of 
germanium is so low that this increase in absorption is quite significant by 150°C in Fig. 
1.30. For semiconductors with a wider band gap, increased absorption requires higher 
temperature. In the case of silicon in Fig. 1.30, the absorption is significant at 300°C. 


Gallium arsenide and gallium phosphide in Table 1.6 have even higher band gaps 
than silicon and therefore can be used up to higher temperatures without significant 
absorption. Figures 1.31 and 1.32 show the behavior of these materials. 


We see in Fig. 1.30 that free carrier absorption increases at longer wavelength (A). 
In theory, the free carrier absorption coefficient increases as the square of A. Doubling the 
wavelength should increase the free carrier absorption coefficient by a factor of 4. Figure 
1.33 shows the calculated behavior cf the absorption coefficient of silicon as a function of 
temperature at two different wavelengths. 


Electrons in the conduction band in Fig. 1.28 can absorb infrared radiation over a 
wide range of frequencies. Heating a window promotes electrons from the valence band to 
the conduction band and decreases infrared transmission. Another way to populate the 
conduction band is illustrated in Fig. 1.34 in which germanium was irradiated with near 
infrared radiation (0.808 Um wavelength) having enough energy (1.41 eV) to promote 
electrons from the valence band to the conduction band.44 The infrared response can be 
turned on and off rapidly by external irradiation. 


1.11 What makes a window midwave or long wave? 


The lower part of Fig. 1.17 showed the behavior of the absorption coefficient of 
optical window materials. Infrared radiation is absorbed because it stimulates vibrations 
of atoms in the crystal. Ultraviolet radiation is absorbed because it promotes electrons to 
higher energy levels. The transparent window region is located between the two regions 
of strong absorption. Figure 1.24 highlighted the infrared absorption edge between the 
transparent window region and opaque lattice vibration region in the spectra of two 
materials. For zinc sulfide, the cutoff is near 11 tm, whereas for sapphire the cutoff is 
near 5 pm. What determines the position of this cutoff edge? 
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Fig. 1.30. Infrared transmission of 2.80-mm-thick single-crystal p-type germanium 
(resistivity = 0.3 ohm-m) and n-type silicon (resistivity = 0.05 ohm-m).38 The 
prominent absorption band in most specimens of silicon near 9 jim is due to an oxygen 
impurity that can be nearly eliminated if the silicon is grown by techniques such as the 
float zone method.4!,42 
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Fig. 1.31. Temperature dependence of the infrared transmission of 3.18-mm-thick 
polycrystalline gallium arsenide with a resistivity of ~10° ohmm.43 
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Fig. 1.32. Temperature dependence of the infrared absorption coefficient of gallium 
phosphide.!3 The absorption coefficient in the 3-5 jum region at temperatures up to 
400°C is reported to be <0.01 cm‘!.43 
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Fig. 1.33. Predicted behavior of the absorption coefficient of pure silicon at specific 
wavelengths. (Personal communication from C. Klein, C.A.K. Analytics.) 
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Figure 1.35 shows a simple model for the vibration of a diatomic molecule in which 
two atoms of masses mj and m2 are connected by a spring of force constant ky. When 
the bond (the spring) is stretched from its equilibrium length, re, to the length r= re + g, 
the restoring force is proportional to the displacement, gq: 


Restoring force = -krg (k¢= force constant). (1-29) 


The stiffer (stronger) the chemical bond, the greater is the force constant. The vibrational 
energy levels turn out to be 


Vibrational energy levels = (v + *) h@ (1-30) 


where v is the vibrational quantum number (0, 1, 2, 3,...), 2 is Planck's constant and @ 
is given by 








2nd overtone 
1st overtone 


Fundamental 
transition 


,* 
— 
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POTENTIAL 
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Fig. 1.35. Left: Model of vibrating diatomic molecule. Right: Potential well for 
harmonic oscillator. 
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Lake 
O= 50 Va: (1-31) 


The quantity py, called the reduced mass, is 


mi] m2 


eS a ne 


(1-32) 


The greater the masses of the atoms, the greater the reduced mass and the smaller the 
vibrational energies. 


On the right side of Fig. 1.35, we see that the lowest vibrational energy level of a 
diatomic molecule (the ground state) has an energy of !/,h@ above the bottom of the 
well. That is, even at absolute zero temperature, the molecule is vibrating with the 
energy '/,h@. The first excited state lies at an energy h@ above the ground state, and 
successive excited states each lie at equally spaced intervals. The lowest infrared energy 
that the molecule can absorb upon going from v=0 to v=1 is h@, and this absorption is 
called the fundamental transition. The molecule could also go from v=0 to the v=2 
excited state, which would be called the first overtone. 


Two key points that apply to crystals as well as gaseous diatomic molecules are: 


1. Vibrational energies increase as the force constant of the atomic bond increases. 
That is, stronger bonds give higher vibrational energies. 


2. Vibrational energies increase as the masses of the atoms in the molecule decrease. 
Heavier atoms have lower vibrational energies. 


In vibrations of crystals, whole planes of atoms are displaced from their equilibrium 
positions. Figure 1.36 shows two types of crystal vibrations designated longitudinal and 
transverse. As the longitudinal oscillation propagates from left to right in the diagram, 
the atoms move to the left or right from their equilibrium positions in a sinusoidal 
manner. As the transverse oscillation propagates from left to right, the atoms move up 
or down from their equilibrium positions. As in diatomic molecules, we can associate a 
force constant with each type of vibration. The vibrational energy increases as the force 
constant increases and as the masses of the vibrating atoms decrease. 


Crystal vibrations are further divided into higher energy optical modes and lower 
energy acoustic modes, shown for a transverse vibration in Fig. 1.37. The designations 
TO, LO, TA and LA, standing for transverse optical, longitudinal optical, transverse 
acoustic and longitudinal acoustic, respectively, describe crystal vibrational modes. A 
quantum unit of crystal vibrational energy is called a phonon. 


Absorption coefficients for fundamental transitions are typically in the range 10°-10> 
cm'!. That is, infrared window materials are opaque in the 1-phonon energy region where 
the fundamental vibrational transitions occur. Spectroscopic investigation of this region 
usually relies upon reflection, rather than transmission, to identify phonon energies.46 
Figure 1.38 shows that absorption coefficients for zinc sulfide in the 2-phonon region are 
roughly in the range 10!-107 cm-!. This is the region where overtones (e.g., 2TO and 
2LO) of the fundamental vibrations are observed, as well as combination bands, such as 
TO + LO, TO + LA, etc. Combination bands represent simultaneous excitation of two 
different crystal vibrations by a single photon of infrared radiation. The energy of the 
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Longitudinal oscillation <> 


Fig. 1.36. Longitudinal 
and transverse oscillations 
of planes of atoms in a 
crystal. 
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Fig. 1.37. Transverse optical and 
acoustic vibrations, in which adjacent 
cations and anions in a lattice are 
displaced out of phase (optical) or in 
phase (acoustic) with each other. The 
vibrational wave is propagating from 
left to right. 





photon is the sum of the energies of the two phonons involved. The right side of Fig. 
1.38 shows how all of the weak features, including every shoulder, can be assigned in 
terms of overtones and combination bands of four fundamental phonon frequencies.*7 


Infrared window materials with a thickness of several millimeters normally exhibit 
their transmission cutoff in the 3-phonon region at room temperature. They are quite 
opaque in the 2-phonon region and generally transparent in the 4-phonon region. At 
elevated temperature, absorption in the 4- and 5-phonon regions can be significant.!® 
Figures 1.39 and 1.40 give two more examples of window materials whose transmission 
cutoffs are in the 3-phonon region. 
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Fig. 1.38. Left: Absorption features of zinc sulfide in the 2- and 3-phonon 
regions.48,8 Notice that the ordinate is logarithmic. Right: Assignment of weak 
features in the 3-phonon region of zinc sulfide. 


0.65 
3LO = 
ee LO = 378 cm"! 
2, -4 
scans | TO = 361 ee 
(2) LA=197 cm 
z 
& 0.55 
= 
MN 
0.50 
210 +LO= 2TO+LA= 
i 1100 cm=1 f 919 cm"! 


1117 cm-1 1083 cm’! 





80 85 90 95 100 105 110 115 120 
WAVELENGTH (um) 


Fig. 1.39. Fine structure in the 3-phonon region of gallium phosphide (3.0-mm-thick 
specimen from Raytheon Systems Co.). Figure 1.18e shows that there are no significant 
absorptions below 8.5 ym. Assignments are from Klein*? based on literature values of 


the fundamental lattice vibrations. 
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Fig. 1.40. Comparison 
of the infrared cutoff 
regions of aluminum 
nitride (AIN) and sapphire 
(Al203). AIN data come 
from a 4.29-mm-thick 


Sapphire (0001) crystal from 

Crystal IS (Latham, NY), 

2TO; +LA courtesy L. Schowalter and 

= 1843 om"! G. A. Slack. Transmit- 

; tance was measured at 
2T0; + TO, Rennselaer Polytechnic 
= 1984cm"! | Institute by I. Bhat. 


Assignments of the 
3-phonon peaks for AIN 
are based on the following 
fundamental frequencies:>! 
LO = 738, TO; = 668, 
TO ,' = 658, TO2 = 627, 
LA = 507, TA, = 444, 
TA» = 413 cm:!, 
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Table 1.7. Fundamental vibrational frequencies of infrared window materials” 


Midwave materials 
Sapphire (o-ray)°7 ALON?? Spinel>2 Yttria?2 
cm=! Strength cm! Strength cm:! Strength cm7! Strength 
385 0.3 346 1.0 307 0.4 240 0.16 
442 Za 395 0.4 488 2.48 304 2.45 
569 3.0 497 3.0 510 1.07 336 1.75 
635 0.3 631 1.55 589 0.07 372 2.70 
806 0.004 758 0.19 671 0.70 415 0.043 
922 0.035 808 0.022 461 0.048 
490 0.005 
555 0.094 


Long wave materials 


Zinc Sulfide48 Zinc Selenide*8 
em! Assignment em! Assignment 
330 LO 222 LO 
295 TO 204 TO 
193 LA 131 LA 
89 TA 65 TA 





*For the upper part of the table, cm7! refers to the wavenumber of the vibration and 
strength refers to the relative intensity of infrared absorption. 
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We are now in a position to appreciate why different materials have different infrared 
cutoff frequencies. Figure 1.18a showed the cutoffs for the midwave window materials, 
sapphire, ALON, spinel and yttria>> and Fig. 1.18d showed the long wave windows, zinc 
sulfide and zinc selenide. Table 1.7 lists fundamental vibrational frequencies for each of 
these materials. Notice that the vibrational frequencies of zinc sulfide and zinc selenide 
are significantly lower than those of the midwave materials. The 3-phonon cutoffs for 
zinc sulfide and zinc selenide occur at correspondingly lower energy, or longer 
wavelength. Among midwave materials, yttria has lower energy vibrations than sapphire, 
ALON or spinel, so yttria has the longest wavelength (lowest energy) cutoff among these 
materials in Fig. 1.18a. Zinc selenide has lower energy vibrations than zinc sulfide, so 
zinc selenide has the longer wavelength cutoff in Fig. 1.18d. 


Recall that lower energy vibrations result from weaker chemical bonds and heavier 
atoms. Both of these factors operate in Table 1.7. Among the midwave (3-5 um) 
materials, the yttrium atoms in yttria (Y20O3) are heavier than the aluminum and 
magnesium atoms in sapphire (Al203), ALON (9Al203-S5AIN) and spinel (MgAl20q). 
(As we go down lower in the periodic table of the elements, Fig. 1.41, atoms become 
heavier.) Yttria therefore has the lowest vibrational energies and longest wavelength 
cutoff. The long wave (8-14 tm) materials have sulfur (S) or selenium (Se) anions 
instead of oxygen anions. Sulfur and selenium are heavier than oxygen and form weaker 
bonds. Both factors lower the vibrational frequencies in zinc sulfide and zinc selenide and 
make them useful long wave window materials. Selenium is heavier than sulfur and 
forms weaker bonds than sulfur. Therefore zinc selenide has a longer wavelength cutoff 
than zinc sulfide. 





Fig. 1.41. Partial view of the periodic table of the elements. Atoms become heavier 
and tend to form weaker bonds as we move down the table. 


. Figure 1.42 shows the transmission windows of numerous optical materials. Those 
with heavier atoms have longer wavelength cutoffs. In general, oxides (containing the 
oxygen anion) never transmit in the long wave region because oxygen is too light and 
forms strong bonds. Its vibrational frequencies are too high for transmission in the long 
wave region. Sulfur and selenium come below oxygen in the periodic table (Fig. 1.41) 
and form compounds with long wave transmission. To the left of sulfur in the periodic 
table is phosphorus (P). To the left of selenium is arsenic (As). Since arsenic is heavier 
than phosphorus, we predict that gallium arsenide (GaAs) transmits to longer wavelength 
than gallium phosphide (GaP), and this is indeed the case. Gallium arsenide cuts off near 
17 um in Fig. 1.31, while gallium phosphide cuts off near 12 um in Fig 1.32. 
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Fig. 1.42. Transmission windows for selected materials. Numbers give cutoff edge, 
taken as the wavelength (1m) at which a 2 mm thick window has 10% transmittance. 
Cutoff edges are only approximate, and may vary with the quality of the material. Shaded 
regions for diamond and silicon have low transmission. (Figure continued on next page.) 
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Fig. 1.42 (continued). Transmission windows for selected materials. 


If we want long wave transmitting materials, we look for compounds with heavy 
atoms.-4 Cesium iodide (CsI), for example, transmits all the way to 80 um. The 
problem is that chemical bonds within the crystal are weaker for heavier atoms, so 
materials made of the heavier elements have mechanical properties that are inferior to 
those of materials made of lighter atoms. The long wave transmitting materials are 
generally weaker, softer and less tough than midwave transmitting materials. There is 
almost always a tradeoff between gaining long wave transmission and losing desirable 
mechanical properties. 


An exception to this tradeoff rule is diamond, which combines the best possible 
mechanical performance with excellent long wave transmission (Fig. 1.43). Diamond 
consists of carbon atoms, each of which forms strong bonds to its four nearest neighbors 
arranged at the corners of a regular tetrahedron (see Fig. 9.2). The fundamental vibrational 
frequencies of diamond are high because the atoms are light and the bonds are strong. 
However, the symmetry of the diamond crystal is such that the vibrating atoms cannot 
absorb energy from the electromagnetic field in an infrared experiment.” As Fig. 


“A requirement for infrared absorption is that the dipole moment of the crystal must 
change as the atoms vibrate. The high symmetry of diamond is such that the dipole 
moment does not change and no energy can be absorbed, even though the energy of the 
electromagnetic radiation matches that of the crystal vibrations. 
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Fig. 1.43. Infrared transmission spectrum of natural gem quality diamond.>° 


1.43 shows, the 2- and 3-phonon transitions are allowed, but they are relatively weak.>> 
Diamond does not exhibit the characteristic long wavelength cutoff seen in other optical 
windows. If the fundamental transition were not forbidden by symmetry, diamond would 
absorb throughout the infrared region and be useless as an infrared window. 


1.12 "Two-color" materials 


"Two-color” window materials transmit radiation in two different spectral regions. In 
this section we consider a 2-color material to be one that is transparent in both the 
midwave (3-5 ttm) and long wave (8-14 tm) infrared regions. Depending on the 
application, different people might refer to 2-color performance as combining 
transmission in the ultraviolet, visible, near-infrared, midwave infrared, or long wave 
infrared regions. 


All of the window materials in the second part of Fig. 1.42 (from barium fluoride to 
cesium iodide) are 2-color materials, but none are generally useful for external exposure to 
rain, blowing particles, rapid heating, or mechanical stress. Among the commonly 
available materials for external use, only germanium, silicon, gallium arsenide, gallium 
phosphide, zinc sulfide and zinc selenide are candidates for 2-color applications. 


Transmission spectra of the candidate materials are shown in Fig. 1.44. We now 
give a brief critique of each candidate: 


Germanium has low absorption in both the midwave and long wave windows, but its 
high index of refraction gives it high reflection and less than 50% transmission. It 
therefore requires antireflection coatings for most applications. With its small band 
gap, Ge becomes conductive and absorptive above 100°C (Fig. 1.30). Germanium 
has only modest resistance to erosion by rain and sand particles and usually requires a 
durable, protective coating when it is used as an infrared window in aircraft. 


Silicon is a good midwave material with marginal capabilities in the long wave region. 
The strongest absorption band near 9 jum in Fig. 1.44 is due to an oxygen impurity 
that is present in most specimens of Si, but can be almost eliminated by very careful 
crystal growth.41,42 Other bands in the long wave infrared region are intrinsic to the 
material. Like Ge, Si is highly reflective and requires antireflection coatings. It 
becomes absorptive from free carriers above ~250°C. Silicon has modest rain erosion 
resistance and poor sand erosion resistance. 
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Fig. 1.44. Candidate 2-color infrared window materials for external use. Specimens 
are the same as in Fig. 1.18. The thicknesses are: ZnS, 5.2 mm; ZnSe, 7.1 mm; GaP, 
3.0 mm; GaAs, 0.65 mm; Si, 2.8 mm; and Ge, 2.8 mm. A thicker sample of GaAs is 
shown in Fig. 1.31. 


Gallium arsenide has excellent optical properties in both the midwave and long wave 
windows, but its upper operating temperature is limited to ~460°C by free carrier 
absorption. Its high refractive index demands good antireflection coatings and its 
poor erosion resistance requires good protective coatings for external use. 


Gallium phosphide is an excellent midwave material and has 2-color capability at room 
temperature because emittance is not significant. At elevated temperature, emission 
from weak absorption bands obliterates the long wave region. At best, GaP has a 
small usable window from about 8 - 8.5 tum at elevated temperature. The upper 
operating temperature of GaP is estimated at ~640°C, limited by free carrier 
absorption. Gallium phosphide has outstanding thermal shock resistance — better 
than sapphire — for rapid heating environments. Gallium phosphide, like GaAs, Si, 
and Ge, has a large change of refractive index with temperature (dn/dT in Table 1.8), 
which causes optical distortions when there is a temperature gradient across the 
window. The erosion resistance of GaP is similar to that of ZnS, which is only 
modest. Gallium phosphide requires antireflection coatings and good protective 
coatings for external use. 


Zinc sulfide comes in at least three varieties called standard grade, multispectral (or 
Cleartran®* or Waterclear®) and elemental®. All three types, which are discussed in 
Section 5.3.1, have good transmittance from 8 - 10 um, beyond which absorption 


*"Cleartran" is a trademark of Morton CVD Materials, Woburn, MA. "Waterclear" is a 
trademark of Sassoon Advanced Materials, Dumbarton, Scotland. "Elemental" is a 
trademark of Raytheon Systems Co., Lexington, MA. 
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Table 1.8. Change in refractive index with temperature (dn/dT) near 4 um wavelength” 





dn/dT dn/dT 
Material (10-6 / K) Material (10-6 / K) 
ALON 2.8 Sapphire 6-12 
Diamond 16 Silicon 159 
Fused silica 10 Sodium chloride -36 
Gallium arsenide 150 Spinel 3 
Gallium phosphide 137 Yttria ~30 
Germanium 424 Zinc sulfide 43 
Lithium fluoride -15 Zinc selenide 63 
Magnesium fluoride 1 


“Data from Appendix C. 


sets in. Although standard grade material has too much optical scatter to be used in 
the midwave region (Fig. 1.18d), multispectral and elemental materials perform well 
in the midwave range. Zinc sulfide can be used up to ~800°C>® and has good 
thermal shock resistance (but not as good as GaP or sapphire). The erosion 
resistance is poor, so ZnS requires protective coatings. 


Zinc selenide has outstanding 2-color optical characteristics, with an absorption 
coefficient of ~10-3 to 10-4 cm™!. However, its erosion and thermal shock resistance 
are poor. Thin coatings (~10 um) are insufficient to protect ZnSe from exposure to 
rain and dust at aircraft speeds, so thick claddings (~200-1000 jim) are required for 
protection. | 
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Chapter 2 


OPTICAL PERFORMANCE OF 
INFRARED WINDOWS 


This chapter discusses several measures of the performance of infrared optical systems 
with emphasis on how properties of the window material affect performance. We 
conclude by considering the ability of infrared windows to serve as microwave windows. 


2.1 Resolution 


When a point source of light is viewed through an optical system, diffraction of light 
at the system aperture broadens the image to a finite width and creates a series of faint 
concentric rings around the central spot. This pattern of rings shown at the right in Fig. 
2.1 is called an Airy disk. In the optical system at the left of Fig. 2.1, the lens diameter 
is the aperture, D, and the focal length is L. The f number is f#¥ = L/D. 


In a diffraction limited optical system, the optical wavefront does not deviate from its 
ideal shape by more than one-fourth of the wavelength, A. Suppose that we look at two 
equal intensity point sources of light through an ideal, diffraction limited optical system 
whose aperture has diameter, D. The resolution of the system is the minimum angular 
separation between the two sources such that it is barely possible to discern two separate 
sources. With less separation, the two sources appear to be one (Fig. 2.2). The Rayleigh 
criterion for resolution is that the central spot of one Airy disk overlaps the first dark ring 
of the adjacent Airy disk. This means that the trough between the two bright spots is 
74% as bright as the peaks. 


Lens 


| 






Diffractio 
pattern 





Airy disk 


Fig. 2.1. Imaging a point source through an optical system produces a diffraction 
pattern called an Airy disk. 
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Fig. 2.2. Resolution of two closely spaced peaks. 


The resolution of a diffraction limited system is given by 


Resolution (radians) = 122k ; (2-1) 


For example, at a wavelength of 10 tim, the resolution of a system with an 8.0-cm- 
diameter aperture is (1.22)(10 x 10-© m)/(0.080 m) = 1.5 x 104 radians. If two point 


sources are separated by more than 1.5 x 10-4 radians, they will be seen as separate 
objects. If they have less separation, they will appear to be a single object. 


Example: Aperture requirements for resolution. What aperture size is required for 
0.25 muilliradian resolution in a 3-5 um midwave infrared system and in an 8-10 ttm long 
wave system? Using A = 4 um for the midwave system, we use Eq. (2-1) to calculate 


° « -6 
_ 1.224 _ (1.22) (4x10 m) _ 95 


~ resolution ~ 2.5 x 10-4 


For the long wave system (A = 9 um), the same calculation gives D = 4.39 cm. The 
longer the wavelength of light, the larger the aperture needed for the same resolution. 





2.2 Scatter 


Scattering of light by an optical window degrades the sharpness of the image that is 
observed. If scatter is great enough, the outline of an object may be obscured or the 
ability to distinguish two closely spaced objects may be lost. For systems operated in 
the outdoors in daylight, sunlight scattered into the field of view of the detector by the 
window may badly obscure the intended target. 


When two equally intense objects are viewed in the presence of background scatter, 
the resolution is not affected very much by low levels of scatter. However, a critical 
point is reached at which resolution rapidly falls to zero when the scatter is 2.8 times as 
great as the intensity of light from the objects (Fig. 2.3).! Low levels of scatter can 
reduce the resolution between a faint object and a bright object, such as the sun, to zero. 
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Fig. 2.3. Effect of scatter on 
resolution of two equally bright, closely 
spaced objects. ! 


RESOLUTION 





IMAGE INTENSITY |J, 


SCATTER LEVEL (Z| 


Figure 2.4 shows how scatter from a dome can be measured.2 A 1- to 2-mm- 
diameter laser beam of the desired frequency is passed through various locations on the 
dome and the transmitted light is measured by the detector at the top of the diagram. The 
Coblentz sphere reflects scattered light that is measured by a second detector. This 
particular arrangement measures what is called total integrated scatter in the forward 
hemisphere. An alternate arrangement can measure scatter in the backward hemisphere, 
which is typically from 10 - 100% as great as the forward scatter in infrared window 
materials. 


Figure 2.5 shows visible (0.647 tm) and infrared (3.39 um) scatter measured at 
various points on magnesium fluoride domes. The used dome, which had experienced 30 
to 40 aircraft carrier landings in the Pacific Ocean, had about twice as much total 
integrated forward scatter at 3.39 Um as the unused dome (1.7% scatter vs 0.8% scatter), 
and the used dome had lost the characteristic glossy surface finish of a new dome. The 
visible scatter of this polycrystalline magnesium fluoride is very high (23% for the 
unused dome, 44% for the used dome), and this material is unsuitable for visible 
applications. 


Detector for 
J transmitted light 


rh 








Fig. 2.4. Schematic diagram of 
apparatus? used to measure total 
integrated scatter in the forward 
hemisphere for a missile dome. The 
Coblentz sphere collects light scattered 
between 2.5° and 70° off the incident 
axis. 
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Fig. 2.5. Total integrated scatter measured in the forward hemisphere for new and used 
polycrystalline magnesium fluoride missile domes.2 Horizontal axes measure angular 
position on the dome. The average scatter of the top left dome measured at many 
positions is 1.7 (t 0.13)% and the average transmittance is 81.0 (£1.4)%. 


Total integrated scatter in the forward hemisphere is typically in the range 0.5 - 5% 
for polycrystalline optical materials at infrared wavelengths. Glasses are more typically 
near 0.1% and single-crystal materials such as sapphire are in the 0.01 - 0.1% range. 


While the experiment in Fig. 2.4 measures total integrated scatter, the experiment in 
Fig. 2.6 measures scatter as a function of angle from the incident axis.2-> The 
bidirectional transmittance distribution function (BTDF) measured in Fig. 2.6 is 


PIP; 
ee Q cos 65 


(2-2) 
where P, is the scattered power (watts), P; is the incident power (watts), {2 is the solid 
angle of scatter viewed by the detector and @, is the scatter angle. This definition is 


Detector 


Window Ps 








Fig. 2.6. Experiment used to measure 
bidirectional transmittance distribution 
function (BTDF).3 
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Fig. 2.7. Bidirectional transmittance distribution function (BTDF) of zinc selenide 
(left) and multispectral zinc sulfide (right) at 0.633 jum wavelength.© The lower curve at 
the left shows very low scattering from BK-7 glass (Table 1.1). 


equivalent to saying that BTDF is the ratio of transmitted radiance to incident irradiance, 
terms which are defined in Appendix D. 


Figure 2.7 shows examples of BTDF measurements. Note that the ordinate is 
logarithmic because the scattered light intensity falls off rapidly with increasing angle 
from the incident direction. BK-7 glass has much less visible scatter than zinc selenide, 
which, in turn, has less scatter than multispectral zinc sulfide. Furthermore, because the 
scatter from ZnSe is essenttally independent of specimen thickness, the scatter must arise 
almost entirely from the surface, not from the bulk. The significant increase in scatter 
from ZnS with increasing thickness demonstrates that the scatter is predominantly from 
the bulk, not from the surface. 


Because optical scatter typically falls off rapidly with increasing angle from the 
incident direction, total integrated scatter measured by the apparatus in Fig. 2.4 depends 
on the cutoff angle used to define the difference between "scattered" and "unscattered" 
light. In Fig. 2.4 light scattered less than 2.5° is considered to be "unscattered." If an 
angle of 1.5° were used instead of 2.5°, the total integrated scatter would be somewhat 
greater.” The scatter integrated between 2.5° and 70° in a BTDF measurement in Fig. 2.7 
should be equal to the total integrated scatter measured by the method in Fig. 2.4. Indeed, 
when the scatter from a sample of lanthana-doped yttria was measured by both methods, 
the results were close: 7 


Wavelength (itm) 


~0.64 3.39 
Total integrated scatter measured with Coblentz sphere: 3.9% 0.5% 
Scatter integrated from BTDF measurement: 4.2% 0.6% 


“The contribution of angles below 2.5° to total integrated scatter is not as great as it 
would seem from Fig. 2.7, because the solid angle subtended by such small cone angles 
is much less than the solid angle subtended by larger cone angles. 
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Scatter is caused by variations in refractive index as light passes through a material. 
Causes include foreign particles or voids, gradual changes of composition, second phases 
at grain boundaries, and strains in the material. Optical scatter from lanthana-doped yttria 
was attributed to microscopic amounts of a second crystalline phase left from the 
fabrication process. / Annealing for increasing time decreased the quantity of second phase 
and decreased the scatter. 


Rayleigh scattering occurs when the size of the scattering centers is much smaller 
than the wavelength of light, A. In this case, the scattering intensity is proportional to 
1/A4. Rayleigh scattering increases rapidly at short wavelengths. Mie scattering, which 
occurs when the size of the scattering centers is comparable to the wavelength of light, 
has a complex dependence on wavelength. When the scattering center is much larger than 
A, there is almost no dependence of scattering intensity on wavelength. Both Rayleigh 
and Mie scattering are very sensitive to scattering angle. 


Figure 2.8 shows the calculated effect of 0.1-, 0.5- and 1.0-um pores (voids) on 
transmission through alumina.® Without pores, the expected transmittance of alumina is 
87%, based on 13% reflection for a refractive index of 1.70 (using Eqns. [1-11] and 
{1-12]). Figure 2.8 shows that ‘this transmittance is approached for 0.1-{1m pores at a 
wavelength of 5 tum. As the wavelength approaches the pore size, scatter increases and 
transmittance decreases. For 0.1-j1m pores, scatter is significant at wavelengths below 
2.5 fam, which is 25 times greater than the size of scattering centers. This is the reason 
we said in Section 1.2.2 that particle size should be 20 times smaller than the wavelength 
to be transmitted for a noncubic (birefringent) polycrystalline material. 


© 80 0.1 um 
5 Fig. 2.8. Calculated effect 
Z 60 0.5 um of pore size (0.1, 0.5 and 1.0 
< uum) on transmission of 0.5- 
Ee 1.0 um mm-thick alumina.® It is 
s 40 assumed that the pores (voids) 
2 occupy 0.2% of the volume of 
< 20 the material. 
b= Fs 
0 (im 
0 1 2 3 4 5 
WAVELENGTH (um) 


2.3 Modulation transfer function: a measure of imaging quality 


Scatter in a window is one factor that can degrade the sharpness of an image formed 
by an optical system. A quantitative description of image degradation is the modulation 
transfer function, abbreviated MTF. Figure 2.9(a) shows a typical bar pattern used to 
characterize the imaging capability of an optical system.» 10 The intensity of dark bars 
(the object being viewed) at a regular interval is described by the square wave at the right 
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of Fig. 2.9(a). The top of Fig. 2.9(b) shows that an optical system forms an image 
whose edges are never as sharp as those of the original object. In the best possible 
diffraction limited optical system, blurring occurs because of diffraction of light at the 
edge of each optical element. 


In most real systems, additional blurring occurs. Figure 2.9(b) shows that as the 
spatial frequency (number of lines per millimeter) increases, the image resolution 
decreases. That is, the more closely spaced the lines in the object, the less contrast 
between maximum and minimum brightness in the image. In Fig. 2.9(c) we see that 
sinusoidally varying object intensity gives rise to a sinusoidally varying image with 
decreased contrast. 


Referring to Fig. 2.9(b), the contrast modulation is defined as 


; max - min 
Modulation = ——————_.— (2-3) 
max + min 
where max and min are the maximum and minimum image intensities formed by the 
optical system. A modulation of unity corresponds to perfect reproduction of the 
contrast, while a modulation of zero corresponds to no contrast in the image. 


At the bottom of Fig. 2.10, we see that as the spatial frequency of the object 
intensity increases, the modulation of the image decreases. The curves in the upper part 
of Fig. 2.10, called modulation transfer functions, show how modulation decreases with 
increasing spatial frequency for perfect (diffraction limited) and real optical systems. The 
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straight line through the origin shows how the minimum detectable contrast level might 
vary for a particular detector. The intersection between the straight line and the 
modulation transfer function corresponds to the limiting resolution for the optical system. 


MTF specifications for an optical system are based on how much qualitative image 
degradation is allowable. The MTF of a window is determined by measuring the MTF of 
a system without the window and then measuring the MTF with the window in place. 
The quotient (MTF with window)/(MTF without window) is equal to the MTF of the 
window. In a high-quality imaging system, an MTF of 0.95 can give a discernibly fuzzy 
or grainy image and might be considered unacceptable. The higher the quality of the 
system, the greater the MTF must be to avoid image degradation. 


Figure 2.11 shows modulation transfer functions for ALON (aluminum oxynitride) 
and yttria (yttrium oxide) windows.!! The higher modulation transfer function at greater 
spatial frequency indicates that this particular ALON window would be better for imaging 
than this particular yttria window. Be aware that data for Fig. 2.11 were obtained while 
these optical materials were under development. The modulation transfer functions of 
more recent materials might be better. Figure 2.12 shows the modulation transfer 
function for a gallium phosphide dome that gives near-diffraction-limited performance. !2 


Fig. 2.11. Modulation 
transfer functions for ALON 
and yttria at a wavelength of 
0.633 pm.!! The object 
being viewed was a radial 
contrast pattern with a 
spatial frequency expressed as 
cycles/radian. Note loga- 
rithmic abscissa. Nodes in 
the ALON modulation trans- 
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Fig. 2.12. Modulation 
transfer function for 
Raytheon Systems Co. 
76-mm-diameter gallium 
phosphide dome at a 
wavelength of 9.3 um.!2 
The upper curve shows 
the response of the 
system without the dome. 
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Modulation transfer functions are multiplicative. If a window with a modulation 
transfer function of 0.80 at a particular spatial frequency is placed in front of an optical 
detection system with a modulation transfer of 0.60 at the same frequency, the combined 
modulation transfer function of the whole system is 0.80 x 0.60 = 0.48. 


2.4 Degradation of infrared sensing by a hot window 


A hot window emits photons that create a randomly fluctuating signal in the detector 
behind the window. Window emittance can set the high-temperature limit for signal-to- 
noise ratio of an infrated system. Thermal gradients in a window create refractive index 
gradients that distort an optical image. This section discusses both effects. 


2.4.1 Emittance from a hot window 


For the experiment in Figure 2.13, a magnesium fluoride window is placed in front 
of a 3-5 jum lead telluride infrared detector. The graph shows that the minimum detectable 
signal rises as the window is heated.!3 Near room temperature, the minimum detectable 
signal is nearly constant because the noise level in the detector is almost constant. Near 
room temperature, the noise is governed by electrical characteristics of the detector itself. 
Noise created by photons from the window is insignificant compared to the electrical 
noise in the detector. When the window becomes hot enough, photons from the window 
striking the detector create additional noise. The higher the noise level, the greater must 
be the signal to be detected. With the-window at 700°C, the minimum detectable signal 
is more than 7 times greater than the signal that could be detected with the window at 
0°C. Photon noise is proportional to the square root of the photon flux density at the 
detector. The right side of the curve in Fig. 2.13 rises in proportion to the square root of 
the flux density. 
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Fig. 2.13. Effect of 

Measured MgF 9 (1.75 mm thick) 
window temperature on 
the minimum signal that 
can be detected by a 3-5 

_ um lead telluride infrared 
sensor with f/1 optics.13 
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Fig. 2.14. Theoretical degradation of infrared seeker signal-to-noise ratio by a hot 
dome in midwave (left) and long wave (right) regions calculated with Eqns. (2-4), (2-5) 
and (2-6).!4 The ordinate is 10 log (@,/@)!/ 2. Bach curve corresponds to a different 


dome emissivity. For examples of calculations of the power reaching the detector or the 
absolute (not relative) signal-to-noise ratio, see Refs. 18-21. 


Figure 2.14 shows how the signal-to-noise ratio of a midwave or long wave infrared 
seeker is degraded by a hot dome.!4-!7 The important conclusion that we will discuss is: 


emittance from the dome than can a midwave seeker. 

Let's see how this comes about. The calculations that underlie Fig. 2.14 assume that 
the dominant sources of noise are photon flux from the background of the scene being 
viewed, from the seeker optics and from the hot dome. Other possible sources of noise, 
such as the electronics, are not included. If other sources of noise are significant, the 


effect of the hot dome in Fig. 2.14 would be somewhat attenuated and the relative 
difference between the two wavebands would not be as great. 
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For Fig. 2.14, the signal-to-noise ratio, S/N, is calculated for the dome at various 
temperatures. The reference signal-to-noise ratio, (S/N)o, is calculated for a temperature 
of Tg = 295 K. The signal-to-noise ratio is taken to be inversely proportional to the 


square root of the photon flux (photons/m2/s) striking the detector: 14 


SIN. _ «| Po 
GN, = Vo re) 


where @ is the photon flux within each waveband (3-5 or 8-12 tm) striking the detector 
when the dome is at the indicated temperature. ®g is the photon flux when the sensor 


and scene are both at the temperature 7, = 295 K. The flux ratio is given by 


OO (2-5) 
® (1-€)QpTo + (1-To)Qs + EQdTo 
Scene Seeker Dome 
background optics emittance 


In Eq. (2-5), Qo is the photon flux from a blackbody at temperature T, = 295 K. Qp is 
the flux from a blackbody at the effective temperature of the background of the scene 
being viewed, which was assumed to be 7) = 227 K for Fig. 2.14. Qs is the flux from a 
blackbody at the seeker temperature assumed to be 7, = 300 K. Qyis the flux from a 
blackbody at the dome temperature. The emissivity of the dome, &, is assumed to be 
constant. The transmittance of the seeker optics, excluding the dome, is denoted To, 
which is taken as 0.5 for Fig. 2.14. 


The three terms in the denominator of Eq. (2-5) account for photons from the 
background of the scene being viewed, the inside of the seeker, and the hot dome. The 
term EQgTo Is easiest to understand: €Qg 1s the photon flux from the dome and Tp gives 
the fraction of this flux transmitted through the seeker optics to the detector. The term 
(1-€)QpTo gives the flux of photons from the background of the scene being viewed that 
is transmitted to the detector. The term (1-€) gives the transmittance of the dome because 
the emittance 1s equal to the absorptance, which is the fraction of light absorbed. [It was 
assumed that reflection and scatter are zero in this simplified calculation.] The middle 
term in the denominator is the contribution of blackbody radiation from inside the seeker 
(from the optics and housing) that reaches the detector. You can rationalize the factor (1- 
To) by noting that the entire expression for ®)/® must equal unity if the temperatures of 
the background, seeker and dome were all at Tg = 295 K. Then Qp = OQ, = Qg= Qo and 
there must be a factor of (1-T 9) before Q, to make the entire fraction unity. 


The blackbody photon flux terms in Eq. (2-5) are computed from the equation 


A, Az | 
or = (—2medA__ _ (__1.88365157x 108 da__ 
p= (pucgecier- 1) J A4(e1-43876866x 104/AT _ 4) 


A; Z 


(2-6) 


where T is temperature (K), c is the speed of light, A is Planck's constant, and k is 
Boltzmann's constant. Eq. (2-6) is derived from the Planck distribution by dividing Eq. 
(0-5) by hc/A, the energy of one photon. The numbers on the right side of Eq. (2-6) give 
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Q7r in photons/m2/s when wavelength is expressed in micrometers. For the midwave 
seeker, A7 = 3 um and Ay =5 um. For the long wave seeker, A; = 8 tm and Az = 12 


um. 


For the moment, let's forget about the details of Eqns. (2-4) - (2-6) and examine the 
important qualitative conclusions from Fig. 2.14. The curves show the relative loss of 
signal-to-noise ratio as the dome temperature rises. A 3-dB change corresponds to 50% 
loss in signal-to-noise ratio. Consider a dome heated to 900 K, which is the stagnation 
temperature of a vehicle flying near Mach 4 in Fig. 1.27. For a midwave seeker, the left 
side of Fig. 2.14 shows that there will be a 3-dB loss if the emissivity of the dome is 
approximately 0.1%. For a long wave seeker, the 3-dB loss occurs when the dome 
emissivity is approximately 10%. That is, a long wave infrared seeker can tolerate a 
dome with much greater emissivity than can a midwave seeker. . 


Why should this be? The answer lies in the three terms in the denominator of Eq. 
(2-5). The 300 K dome with an emissivity of 0.1% provides only 0.1% as many photons 
as do the other two terms. That is, photon flux from the dome in the midwave region at 
300 K 1s negligible in comparison with photon flux from the seeker optics and the 
background of the scene being viewed. When the dome is heated to 900 K, its midwave 
photon flux increases by a factor of 2000 and becomes twice as great as the other two 
sources combined. 


In the long wave region, the situation is different. At 300 K, a dome with 10% 
emittance produces approximately the same number of photons as the seeker optics and 
scene background. When the dome temperature is raised to 900 K, the photon flux from 
the dome goes up only by a factor of 30. 


The essential difference between the midwave and long wave behavior in Fig. 2.14 is 
that midwave emittance from the dome is negligible at 300 K and rises by a factor of 
2000 at 900 K. Long wave emittance from the dome is quite significant at 300 K and 
only rises by a factor of 30 at 900 K. Therefore, degradation of signal-to-noise ratio of a 
midwave seeker is strongly dependent on dome emissivity as the dome temperature rises. 
A long wave seeker is much more tolerant of dome emissivity because the dome is 
already emitting a high photon flux at 300 K and this flux does not rise rapidly with 
increasing temperature. 


2.4.2 Temperature gradients in windows 


Figure 2.15 shows an edge view of a water-cooled silicon window which has been 
proposed for use in high-temperature environments.22 Coolant is forced through tiny 
channels near the hot surface of the window. One of the performance issues for such a 
window is the optical pathlength difference for light waves passing through the warmer 
and cooler regions between the channels. 
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Fig. 2.15. Side 
view of a water-cooled 
silicon window. 
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Consider two light rays in Fig. 2.16 with wavelength A; = Az = 4 um striking the 
upper surface in phase with each other. One passes through the warmer zone midway 
between two cooling channels and the other passes through the cooler zone adjacent to a 
channel. After the rays have passed through the regions of different temperature, they will 
be out of phase with each other for two reasons: (1) The index of refraction (m) of the 
warmer region is different from the index of refraction of the cooler region. Therefore the 
wavelength of light, which is A/n, is different in each region. (2) The warmer region 
expands relative to the cooler region, so the actual distance traveled through the warm 
region is greater. 
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Fig. 2.16. Incident 
waves that are in phase 
are out of phase when 
they emerge from the 
region with a temper- 
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The optical pathlength is defined as nb, where n is the refractive index and b is the 
actual distance traversed by a light wave. If the refractive index is 2, then the optical 
pathlength is twice as great as the actual pathlength. The change in optical pathlength 
with respect to temperature (7) is 


” =n ob ; 


Using the definition of the thermal expansion coefficient, a = (1/b)db/dT, we can write 
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sn =nba+b@ —— mr =nb| a + | + es 


The optical pathlength difference for waves traversing warm and cool regions differing by 
AT is therefore 


Optical pathlength difference = co AT =nbAT [ a+ * | ; (2-7) 


Example: Optical pathlength difference for a cooled silicon window. Suppose that 
there is a temperature difference of 5 K between the warmer and cooler zones in Fig. 2.15. 
The actual pathlength of the region is 1 mm. What is the optical pathlength difference 
for 4 im infrared radiation passing through the window? Appendix C tells us that the 


refractive index of silicon is 3.425 and dn/dT is approximately 159 x 10-° K-!. The 
thermal expansion coefficient is 2.6 x 10°© K-! in Table 4.1. (The expansion coefficient 


is temperature dependent. The value cited applies near 300 K.) We find the optical 
pathlength difference with Eq. (2-7): 


Optical pathlength difference = nbt| a + L na 


(3.425)(1 mm)(5 K) 2. 6x 10°76 K-!) + —— 5 (159 x 10° “6 K-) | 


3. a 
0.84 Um . 


An optical pathlength difference of 0.84 um means that two 4-1m infrared rays that are in 
phase at the top of Fig. 2.16 would be out of phase by 0.84 ttm / 4 Um = 0.21 
wavelengths after traversing the regions of different temperature. A phase difference is 
equivalent to refraction of the light as it passes through the window. The window distorts 
the image being viewed. 





In the preceding example, the thermal expansion term is small in comparison to the 
refractive index term. The distortion of an image as it passes through a window with a 
temperature gradient is especially great for germanium, silicon, gallium arsenide and 
gallium phosphide, which have exceptionally large values of dn/dT in Table 1.8. A 
method for measuring actual wavefront distortion of the cooled window in Fig. 2.15 by 
laser heating has been described.23 


2.5 Frequency doubling 


Intense sources of radiation, such as laser beams, give rise to effects whose 
magnitude is proportional to the square or cube of the oscillating electric field of the 
beam. These effects are collectively called "nonlinear" optical effects because they depend 
on more than the first power of the electric field. One of these effects is called second 
harmonic generation, or frequency doubling. Zinc selenide and zinc sulfide give rise to 
observable nonlinear effects. 
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For example, when a 1.06-\4m near infrared laser beam with an energy of 70 mJ is 
passed through a 1-mm-thick laminate made of layers of ZnS and ZnSe, a tiny fraction of 
the transmitted light is doubled in frequency to give 0.53-um green light (Fig. 2.17).24 
Only one green photon is created for every 10® - 107 incident infrared photons, but the 
green light is strong enough to see with the naked eye in laboratory lighting. 


Z2nS/ZnSe 






Fig. 2.17. When a near 
infrared laser beam passes 
through a ZnS/ZnSe window, 
enough frequency-doubled green 
light is created to be seen by eye 
with laboratory lighting.24 
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2.6 Microwave transmission properties of infrared materials 


In systems requiring both infrared and microwave (or millimeter wave) sensors, there 
is interest in using a single window or dome for both wavelengths. The property that 
characterizes microwave absorption is called the loss tangent. If the microwave radiant 
power entering a window of thickness b in Fig. 1.1 is Py watts per square meter, and the 
power reaching the second surface is P2, the internal transmittance is 


P 
Internal microwave transmittance = a = e[(2n/A)tand]b (2-8) 


where A is the wavelength of microwave radiation within the window and tan6d is the loss 
tangent. The quantity in brackets in Eq. (2-8) is equivalent to the absorption coefficient, 
a, for infrared radiation in Eq. (1-1). The smaller the loss tangent, the smaller is the 
absorption coefficient for microwave radiation. Small loss tangents are therefore desired. 
Figure 2.18 compares the millimeter-wave frequency dependence of the absorption 
coefficients of several infrared window materials. 


Microwave transmission through a material is decreased by absorption or by 
reflection. We saw in Eq. (1-11) that infrared reflection increases as the refractive index of 
the window material increases. The same is true for microwave windows, but we 
customarily speak of the dielectric constant, €, instead of the refractive index, n. For 
materials that are relatively transparent to microwave radiation, the dielectric constant is 
just the square of the refractive index: 


e=n, (2-9) 
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A low dielectric constant is preferred in a microwave transmitting material to reduce 
reflection losses. 


Microwave absorption in a window or radome is reduced if the loss tangent is low, 
and reflection is reduced if the dielectric constant is low. It is possible to reduce reflection 
to near zero if the window thickness is an integral multiple of A/2. The wavelength, A, 
of radiation in the window or radome material is equal to the vacuum wavelength, Ap, 
divided by the refractive index: 


ho _ 


A=—* (2-10) 


me 


Infrared domes are hemispheres, and systems are designed so each ray that reaches the 
detector passes through the dome at normal incidence. Radomes have a pointed 
aerodynamic shape. Radiation that is transmitted or received passes through the radome at 
many angles of incidence. Since the optical pathlength of radiation through the radome is 
not constant, it is not possible to design a radome for zero reflection under all conditions. 
The dome is designed to minimize reflection at the most common angle of incidence. 
Since reflection cannot be reduced to zero for all angles of incidence, it is important that 
the dielectric constant of the radome be as small as possible to minimize reflection losses. 
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Fig. 2.18. Frequency dependence 
of absorption coefficient of infrared 
materials in the millimeter wave 
region.29 The two hot pressed 
magnesium fluoride samples were 
prepared by different methods. 
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Table 2.1 lists the dielectric constant and loss tangent for common radome materials 
and some infrared window materials.2>-27 In general, loss tangents of infrared materials 
are suitably low for microwave transmission. However, the dielectric constants of 
infrared materials are generally much higher than those of radome materials, giving much 
more reflection loss for microwaves passing through infrared materials. The two infrared 
materials with the lowest microwave dielectric constants are magnesium fluoride and 
diamond, both of which would be excellent microwave windows. 


Example: Microwave absorption and reflection. Let's compare the transmission and 
reflection of 10 GHz microwave radiation impinging on 1.0-cm-thick zinc sulfide or 
magnesium fluoride at normal incidence. Equation (0-1) tells us that a frequency of 10 
GHz corresponds to a wavelength of A, = c/v = (3.00 x 108 m/s)/(10 x 10? s-!) = 3.0 
cm in air. Inside ZnS, where the dielectric constant is 8.35 (Table 2.1), the wavelength is 


A= ANNE = 3.0 cm/ 8.35 = 1.04 cm. With the value of tand from Table 2.1, we can 
find the internal transmittance of zinc sulfide with Eq. (2-8): 


Transmittance = e-[(2m/A)tand]b — ¢-[(2n/(1.04 cm))(0.0024)](1.0 cm) ~ 0.986 | 


Only 1 - 0.986 = 1.5% of the radiation is absorbed. For magnesium fluoride, the 
absorption is even less (0.1%), because its loss tangent is lower. These computations 
indicate that microwave absorption losses for the materials in Table 2.1 are negligible. 


Now let's calculate the single-surface reflectance for zinc sulfide using Eq. (1-11). 
Recall that the refractive index, n, is the square root of the dielectric constant. For zinc 


sulfide we find n = ‘ 8.35 = 2.89, and 


l-n 1 ~ 2.89 
One-surface reflectance = 4 tn)" eer co 80) = 24% . 


Nearly one-fourth of the microwave energy striking a zinc sulfide surface at normal 
incidence is reflected. For less-than-normal angles of incidence, the reflection is even 
greater. You can see that it is critical to design high-dielectric-constant radomes to 
minimize reflection, or little radiation would be transmitted through the dome. Carrying 


out the same calculation for magnesium fluoride with a refractive index of n = V5.1 = 
2.26 gives a one-surface reflectance of 15%. An organic composite radome with a 
dielectric constant of 3 has a one-surface normal-incidence reflectance of just 7%. 





Missile radomes become very hot during flight, so it is desirable that the change in 
dielectric constant with temperature be small. Figure 2.19 shows the temperature 
dependence of dielectric constant and loss tangent for several infrared materials.29 One of 
the factors that increases the dielectric constant 1s the thermal expansion of the material. 
Materials with lower thermal expansion tend to have a smaller change in dielectric 
constant with temperature. Table 2.2 shows the change in microwave refractive index 
with respect to temperature for some infrared materials. 
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Table 2.1. Microwave dielectric properties2>»2© of infrared and radome materials” 


Material Dielectric constant (€ Loss tangent (tan 


Infrared materials 

Zinc sulfide, ZnS 8.35 0.0024 (35 GHz) 

Zinc selenide, ZnSe 8.98 0.0017 (35 GHz) 

Magnesium fluoride, MgF> 5.1 0.0001 

Magnesium fluoride, MgF9, single-crystal?? 4.87 (E llc) --- (0.1-40 MHz) 

5.45 (E Lc) --- (0.1-40 MHz) 

Calcium fluoride, CaF? 6.5 0.00015 

ALON, 9Al903:5AIN 9.28 0.00027 (35 GHz) 

Spinel, MgAln04 9.19 0.00022 (35 GHz) 

Sapphire, Al203 9.39 (Ellc) 0.00005 (35 GHz) 
11.58 (E Lc) 0.00006 (35 GHz) 

Yttria, Y2O3 11.8 0.0005 

Lanthana-doped yttria, 0.09La203° 0. 91Y2703 12.2 0.0005 

Calcium aluminate glass 9.0 0.0025 

Diamond 5.7 <0.0004 

Gallium arsenide, GaAs (10° Q-m) ~12 ~0.003 

Silicon (10 Q*m) ~12 ~0.009 

Radome materials 

Organic composites 2-4 0.0001 - 0.01 

Quartz-polyimide 3.2 0.008 

DI-100/200 3 0.01 

Pyroceram 9606 | 5.58 0.0008 

Rayceram 8 (magnesium aluminum silicate) 4.72 0.003 

Nitroxyceram 5.) 0.001 

IRBAS 7.75 0.0012 

ZPBSN 5.6 0.002 

Duroid (Teflon) 2.65 0.003 

Fused silica, Si02 3.33 0.001 

Silicon nitride, Si3N4 (reaction sintered) 7.90 0.0017 

Silicon nitride, Si3N4 (hot pressed) 8.14 0.0006 

Boron nitride, BN 5.0 0.0005 


“Values in this table generally apply over a wide range of frequencies, from hundreds of 
megahertz to tens of gigahertz. Two values for sapphire refer to the ordinary and 
extraordinary directions (Fig. 1.6). Numbers in parentheses for GaAs and Si are low 
frequency resistivity. DI-100 and DI-200 are quartz-reinforced materials based on silicon 
polymers manufactured by Textron. Nitroxyceram is particulate-reinforced silicon 
oxynitride produced by LORAL. IRBAS (in-situ reinforced barium aluminosilicate) and 
ZPBSN (zirconium-based phosphate-bonded silicon nitride) are products of Lockheed- 
Martin. Absorption coefficients increase at higher frequencies as shown in Fig. 2.19.28 
Absorption coefficients for sapphire, yttria, spinel, ALON, zinc sulfide and sodium 
chloride in the 50-200 cm=! far infrared region have been measured.2’ Data for some 
radome materials are from J. M. Wright, Lockheed Martin Vought Systems. 
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Fig. 2.19. Temperature dependence of dielectric constant and loss tangent for some 
infrared window materials measured at 35 GHz.2> 


Table 2.2. Microwave refractive index at 3 GHz 


Material Refractive index (n) dn/dT (1076 K-1) 
Zinc sulfide, ZnS 2.89 280 
Diamond, C 2.38 46 
Sapphire, Al2O3 3.056 (no) 190 
3.400 (72) 210 
ALON, 9Al903‘5AIN 3.046 210 
Spinel, MgAlo04 2.88 20 
Yttria, Y9O3 3.43 100 
Magnesium oxide, MgO 3.401 130 
Beryllium oxide, BeO 2.59 (no) “— 
Fused silica, $i09 1.944 — 


Data from M. E. Thomas, Applied Physics Laboratory. 
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Chapter 3 
MECHANICAL PROPERTIES 


Infrared window and dome materials are classified as ceramics, which is a broad term 
encompassing inorganic, nonmetallic materials. Ceramics are typically brittle, stable at 
high temperature, and poor conductors of heat and electricity. In this chapter we discuss 
the mechanical! behavior of brittle materials, which are somewhat different from ductile 
metals. 


For example, Fig. 3.1 shows specimens of yttria fabricated for a test of tensile 
strength. Each piece was gripped at the ends and pulled apart until it broke. If these had 
been metal, they would have broken in the narrow section near the middle, and all failures 
would have occurred at nearly the same load. Instead, three of five samples broke in the 
thick end region, and the load at failure varied over a range of >20%. It is difficult to 
make meaningful measurements of tensile strength of optical ceramics with specimens 
similar to those in Fig. 3.1. 


Fig. 3.1. Yttria 
Specimens with 0.4- 
cm-diameter central 
gauge section, pre- 
pared for unsuccess- 
ful tensile strength 
measurement. (Cour- 
tesy Raytheon Co.) 


YTTRIA 





3.1 Elastic constants 


Consider a cylinder of solid material that is gripped at the ends and pulled apart until 
it breaks. The force per unit area pulling on the object is called the stress, o: 


force 
Stress = o= et (3-1) 
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The area in Eq. (3-1) is the cross sectional area of ed cylinder. Units of stress are 
newtons per square meter, known as pascals (Pa= N/m2). The English units of stress are 
pounds per square inch (psi). A common abbreviation for 1000 psi is ksi. The penn 
between the English and metric units is ksi x 6.895 = MPa (M = mega = 10°). For 
example, a stress of 5.3 ksi is equivalent to 5.3 x 6.895 = 37 MPa. 


If the cylinder being pulled apart from the ends has a length 2 before force is applied, 
and length 2 + A% when stretched, we say that the strain, €, is the fractional increase in 
length: 


Strain = €= i : (3-2) 


Figure 3.2 shows the behavior of a brittle material and a ductile material when 
tensile stress is applied. The brittle material stretches slightly, with strain proportional 
to stress: If the stress 1s doubled the strain doubles also. Eventually the stress exceeds 
the strength of the material and it fractures. The strength of the material is equal to the 
stress at failure. The slope of the stress vs. strain curve is called Young's modulus, E: 





stress Oo 
= 


Young's modulus = E = poe 


(3-3) 


The greater the value of Young's modulus for a material, the stiffer 1t is. That is, a 
greater stress is required to produce a given strain. The behavior of the brittle material in 
Fig. 3.2, prior to rupture, is said to be elastic: When the stress is removed, the material 
returns to its original shape. 


In contrast to the brittle material, the ductile material in Fig. 3.2 is easier to stretch. 
The initial slope of the stress vs. strain curve is smaller for the ductile material than for 
the brittle material. Furthermore, after a certain amount of stretching, the slope of the 
stress vs. strain curve decreases, and the ductile material becomes even easier to stretch. If 
the stress were removed at this point, the ductile material would not return to its original 
shape. Eventually, the ductile material fails (breaks) also, but it has stretched much more 
than the brittle material at a similar stress. 


Ductile 

Brittle fracture 
Strength fracture 
Slope = 
Young's 
modulus Fig. 3.2. Re- 
sponse of brittle and 
ductile materials to 
tensile stress. 


STRESS — ( 


Stress = Force/Area 
Strain = Relative deformation 
Strength = Stress at failure 





STRAIN ~ 
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Fig. 3.3. The length 
of a solid object increases 
by AZ& and the diameter 
shrinks by Ad when the 
stress O' is applied. 





Figure 3.3 shows a cross section of a cylindrical solid with initial length 2 and 
initial diameter d. After a tensile stress o is applied, the length increases to 2 + AX’ and 
the diameter shrinks to d - Ad. Poisson's ratio, v, (pronounced pwa-san) 1s defined as the 
fractional change in diameter divided by the fractional change in length: 


Adld 
AL/R- 





Poisson's ratio = V= (3-4) 


Ceramic materials undergo an elastic deformation for which Poisson's ratio is typically in 
the range 0.2 - 0.3. A material that exhibits plastic (viscous) flow or creep maintains a 
constant volume as it distorts. In such case Poisson's ratio is 0.5. 


Obtaining stress-strain data by a common method 


“Obtaining stress-strain data by 
a common method." So said the 
caption of this photograph from 
A. A. Somerville, J. M. Ball 
and L. A. Edland, "Autographic 
Stress-Strain Curves of Rubber 
at Low Elongations," Industrial 
and Engineering Chemistry, 


Analytical Edition, 2, 289-293 
(1930). Anthropologists who 
have studied this behavior 
generally believe that the 
method was harder for the man 
at the bottom. 
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Fig. 3.4. Illustration of plastic 
deformation of a ceramic.! Stress- 
strain curves for sapphire under 
uniaxial compression along the 
c-axis of the crystal (see Fig. 1.6). 
In most other kinds of mechanical 
tests, sapphire behaves elastically at 
the temperatures in this graph. 
Plastic behavior is not generally 
observed until higher temperatures 
are reached. 


STRESS (GPa) 





0 2 4 6 8 
STRAIN (%) 


Figure 3.4 shows the response of a ceramic material which exhibits a transition from 
elastic behavior to plastic behavior at high stress. When the stress is reduced to zero, the 
elastic portion of the strain is recovered, but the plastic portion remains. In a tensile test, 
the yield strength is usually defined as the stress that leaves a residual strain of 0.2% 
when the stress is removed. In Fig. 3.4, the yield strength would be close to the bend in 
each curve. Plastic behavior is common in metals at room temperature, and in ceramics 
at sufficiently high temperature. 


If a body is compressed by a uniform stress of P N/m? in all directions (Fig. 3.5, 
left), and its volume shrinks from V to V - AV, we define the bulk modulus as 


_P 
Bulk modulus = K = AV/V" (3-5) 


Similarly, if the body at the right of Fig. 3.5 is subjected to a shear stress, t, and distorts 
by the angle y(measured in radians), we define the shear modulus as 


Shear modulus = => : (3-6) 


Our discussion of elastic constants applies to isotropic solids, such as glasses or 
polycrystalline materials, whose properties are the same in all directions. The behavior of 
single crystals is anisotropic (not the same in all directions) and is discussed in Appendix 
E. Elastic constants can be measured from stress-strain curves or by measuring the speed 
of sound in a solid. As a concrete example, the elastic constants for Corning 7940 fused 
silica (a glass) are: E (Young's modulus) = 73 GPa, fs (shear modulus) = 31 GPa, and K 
(bulk modulus) = 36.9 GPa. In general the shear modulus is approximately 40% as great 
as Young's modulus, with the relation between them being p = E/(2 + 2v), where v is 
Poisson's ratio. The bulk modulus is given by K = E/(3 - 6v). 
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Fig. 3.5. Definition of elastic constants for bulk compression (left) and shear (right). 
The shear stress, T, is defined as the shear force in the direction of t divided by the area of 
the plane ABCD. For more on shear, see Fig. E.3 in Appendix E. 


Most ceramics maintain their mechanical properties over a wide temperature range, 
before becoming weaker and more compliant at high temperature. For example, the 
temperature dependence of different elastic moduli of polycrystalline lanthana-doped yttria 
is shown in Fig. 3.6. 
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3.2 Measuring the strength of brittle materials 


Compressive 


Tensile 
modulus 


Flexural 
modulus 





600 1000 1400 1800 


TEMPERATURE (K) 


Fig. 3.6. Temperature 
dependence of moduli of 
lanthana-doped yttria.2 The 
triangle shows the tensile 
modulus. Circles refer to 
the experiment in Fig. 3.3 
with compression instead of 
tension. Squares come 
from an experiment in 
which bars of material are 
bent. The solid line is an 
approximate fit by the 
equation E = (166 GPa) x 
{1 - [7/(2300 K)]*}, where 
E is modulus and T is 
temperature (K). 


We saw in Fig. 3.2 that the strength of a brittle material is defined as the stress at 
which the material fails. The strength is also called the modulus of rupture, or MOR. 
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For metals, the strength of similar pieces is reproducible. For ceramics, the strength of 
seemingly identical pieces is highly variable. It is not unusual for the strongest piece in 
a set to be twice as strong as the weakest piece. We will discuss how strength is 
measured, how it is characterized statistically, and why it varies so much. 


3.2.1 3-point and 4-point flexure tests 


Pulling apart the samples in Fig. 3.1 to measure tensile strength does not work well 
because the pieces break anywhere, not just in the thin central section in which the tensile 
stress is easily calculated. A more successful approach is to bend a ceramic bar until it 
breaks, and thereby measure the flexure strength.3 


The simplest approach to flexure testing is the 3-point bending test in Fig. 3.7, in 
which a load is applied at the top center of a test specimen with a rectangular cross 
section. When the bar flexes, the bottom surface is in tension and the top surface is in 
compression. Fracture normally originates at the tensile surface. The tensile stress 
directly below the load on the bottom surface of the specimen is 


. : 3PL 
M tensile stress = O=——,5 3- 
aximum tensile stress abd (3-7) 


where P is the applied force (newtons, N), L is the length between supports, 6 is the 
width of the specimen and d is the thickness of the specimen. The stress decreases 
linearly from the center until it reaches zero at the positions of the supports. A major 
problem with this method of measuring strength is that the exact position at which 
failure originates must be measured in order to calculate strength. 


P Loading 
member 


Test 
specimen 






End 


Cylindrical wins 


bearing ~ Us: 






Support 
7 member 


Tensile stress 
on lower 
surface of bar 





Position 


Fig. 3.7. Flexure strength measurement using 3-point bending. Load is applied at the 
middle of the specimen. Black circles are end views of cylinders. 
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Example: Modulus of rupture in 3-point bend test. Suppose that the length, L, in 
Fig. 3.7 is 40.0 mm, the width, b, is 4.00 mm, and the thickness, d, is 3.00 mm. Let's 
find the modulus of rupture (the strength) if the specimen breaks 8.3 mm from the right 
hand support when a load of P = 352 N (79.1 pounds, N x 0.2248 = pounds) is applied. 
The maximum tensile stress beneath the load is given by Eq. (3-7): 


vs 3 352 N 0.0400 m — 5.87 1 8 N/ 2 ~ 587 MP 
7= (0.00400 m) (0.00300 m2 7°! * 10° Ném = 


The horizontal distance from the support to the load point is 20.0 mm. The fraction of 
this distance at which failure occurred is 8.3/20.0 = 0.415, so the stress at the failure 
point is (0.415) (587 MPa) = 244 MPa. The strength of this specimen is 244 MPa. 


A better measurement of strength is the 4-point flexure test in Fig. 3,.8.45,6 In this 
case, the tensile stress on the bottom (tensile) surface of the bar is constant between the 
two load points. The stress on the tensile face between the load points is 


Constant tensile stress between load points = o= a (3-8) 


where D is the distance between the outer and inner cylindrical bearings and the other 
symbols have the same meaning as in Eq. (3-7). The length D is commonly equal to L/4 
so that the span between the upper load points is L/2. As long as the sample breaks 
anywhere between the two load points, Eq. (3-8) gives the correct strength. As in the 
3-point test, the stress decreases linearly from the maximum value down to zero in the 
span between the load and support points. 







P Loading 
member 
Cylindrical 
bearing Test 
fe specimen 
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surface of bar 


Tensile stress 


Position 


Fig. 3.8. Flexure strength measurement by 4-point bending. 


Mechanical Properties 91 


The deflection of the lower surface of the bend bars in Figs. 3.7 and 3.8 can be used 
to compute Young's modulus, which is called the flexural modulus in Fig. 3.6. The 
maximum vertical deflection at the center of the bar, measured with respect to the support 
points, 1s 


3 
Maximum deflection in 3-point bending = as (3-9) 
. * « ° . P D 2 2 
Maximum deflection in 4-point bending = AEba? (3L* - 4D). (3-10) 


If a flexure specimen is not stressed to failure, and if its deflection is elastic, it will 
return to its original shape when the load is removed. Figure 3.9 shows a ceramic 
specimen that experienced plastic deformation at 1500°C and did not return to its original 
shape when the stress was removed, even though the specimen did not break. 


Force 


Silicon carbide 
rollers 





Fig. 3.9. Plastic deformation: Digital image (200% of actual size) of a permanently 
distorted sapphire bar after flexure testing at 1500°C. The image was made after the load 
was removed and the sample cooled to room temperature. The inner load cylinders were 
impressed into the surface of the sapphire. Lower circles show approximate positions of 
the outer support cylinders, which did not stick to the sapphire. The diagonal feature near 
the left is a crystal twin plane seen with crossed polarizers. [Courtesy G. A. Graves, 
University of Dayton Research Institute.] 


The strain rate, &, in the flexure test in Fig. 3.8 is the rate of change of strain 
(A2L/2 in Fig. 3.3) in the region of highest stress on the tensile surface. If the testing 
machine is perfectly rigid and has a constant displacement speed, s, then the strain rate in 
the flexure bar is/ 


35d. 


Strain rate in flexure test = € = D(GL-4D) ° 


(3-11) 


Equation (3-11) also applies to 3-point flexure in Fig. 3.7 with D = L/2. 





Example: Strain rate in 4-point bend test. Suppose that L = 40.0 mm, D = 15.0 
mm and d = 3.00 mm in Fig. 3.8. Let's find the strain rate if the testing machine has a 
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constant vertical displacement rate (called the crosshead speed) of s = 0.508 mm/min. 
Using Eq. (3-11) we find 


2 Bed 3(0.508 mm/min)(3.00 mm) - = 
€ = D(GL-4D) ~ (15.0 mm) [3(40.0 mm) - 4(15.0 mm)] ~ 0:00508 min” . 


If the same crosshead speed were used for a pure tensile test, as in Fig. 3.3, and if the 
length of the tensile specimen were 40.0 mm, the strain rate would be (s = 0.508 
mim/min)/(40.0 mm) = 0.0127 min=!, or 2.5 times greater than in the flexure test. 





Fracture usually originates on the tensile surface. The fracture origin in a ceramic is 
a strength-limiting flaw such as a microscopic scratch or a tiny inclusion of foreign 
material, or a void. The strength depends on the size and distribution of flaws, which 
depends on the quality of the optical finish. The better the polished surface, the smaller 
are the microscopic scratches, and the stronger the sample becomes. To get a meaningful 
measurement of strength, the tensile surface of test specimens should have the same 
finish as a window or dome. 


A common problem with both the 3-point and 4-point bend tests is that fracture 
originates where stress ts concentrated on the long edges of the tensile face, instead of on 
the face. Therefore, the long edges should be uniformly chamfered (beveled) at a 45° 
angle, or rounded. In either case, the edge should be polished to the same quality finish as 
the face. Even with these precautions, edge failures of optically polished materials are 
common. 


3.2.2 Equibiaxial disk flexure test 


The preferred measure of strength of an optical window or dome material is the ring- 
on-ring equibiaxial flexure test in Fig. 3.10 because the face of the disk can be polished to 
similar specifications as an optical window.” A flat metal ball or a metal ring with 
radius a is used to apply a load, P, to the top of the ceramic disk test specimen that is 
supported on a metal ring of radius b. The radius of the ceramic disk is c and its 
thickness is d. The lower surface of the disk is in tension and the upper surface is in 
compression during the test. The two components of stress parallel to the surface are 
called radial and hoop (or tangential) stress, as shown in Fig. 3.10. This test is said to be 
“equibiaxial” because the magnitude of the radial stress is equal to the magnitude of the 
hoop stress for all points on the tensile surface within the load radius, a. As long as disk 
failure occurs within the load radius, we can be sure that we know the stress. 


The hoop and radial tensile stress inside the load radius on the tensile surface of the 
disk in the ring-on-ring flexure test are given by 


3 272 
Stress within load radius = re Cz az “t¥ In 5) (3-12) 


*The preferred strength test should closely simulate the stress state in the intended 
application. If a window or dome will see maximum stress on its polished faces, the 
ring-on-ring test is preferred. If the window will see maximum stress at the edge, a 
4-point bending test may be preferred. 
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Fig. 3.10. Ring-on-ring equibiaxial flexure test. Radial stress is along the radius and 

hoop stress is tangential. 


Fig. 3.11. Radial and hoop 
Hoop Stress stresses on lower surface of disk 
in ring-on-ring flexure test in 
Fig. 3.10 (a = 6 mm, b = 12 
mm, c = 15 mm, d = 2 mm, v= 
0.3). The negative sign of the 
radial stress near 12 mm indicates 
that it is compressive, rather than 
tensile. Formulas to calculate 
stresses throughout the entire 
0 4 8 12 volume of the disk can be found 


RADIAL POSITION (mm) in References 8: and 9. 
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where v is Poisson's ratio for the material being tested. For any radius greater than a in 
Fig. 3.10, the hoop and radial stresses are not equal, as illustrated in Fig. 3.11. The low 
values of both stresses near the edge of the disk reduce the probability of failure 
originating at the edge instead of the face. The maximum deflection of the tensile surface 


of the disk, relative to the support ring, is 





; ‘ : = 3P (1-v2) 2 a 9 9 1-v b2 
Maximum disk deflection = onEde a In} + (b“ - a*)[ 1+ A1+v) 2 (3-13) 





Example: Stresses and deflection in ring-on-ring flexure test. Let's find the stress in 
the central region of a disk bearing a load of 1000 N (224.8 pounds). Suppose that the 
disk radius is c = 15.0 mm and thickness is d= 2.00 mm. Let the load ring radius be a = 
6.0 mm and the support ring radius be b = 12.0 mm. Suppose also that the disk is made 
of yttria whose Poisson's ratio is 0.30 in Table E.3 in Appendix E. Plugging these 


values into Eq. (3-12) gives 
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_ 3(1000 N) (1- 0.30) (12.07 - 6.07, 140.30, 6.0.\_ 59 nep 
° = ~~ 4n(0.00200 m)2 15.02 1- 0.30 ©" 12.0 a 


What is the deflection at the center of the tensile surface? We need to know Young's 
modulus, which is 173 GPa (173 x 10? N/m) for yttria in Table E.3. Eq. 3-13 gives: 


3 (1000 N)(1-0.30)2 
2n (173 GPa)(2.00 mm)? 


4 2 
(‘6.0 mm)? 1n 2: + [(12.0 mm)2- 6.0 mm)?]| 1 jie eee s0?|) 


Maximum deflection = 


12.0 2(1+0.30) 15.02 
= 17 um 
The deflection is 17 jim, which is just 0.86% of the thickness of the disk. 





Equations in this text are based on elastic bending of plates with the approximation 
that the only important stresses are bending stresses. Satisfying the approximation places 
upper and lower bounds on the allowed thickness of a flexure disk.!9 The disk should not 
be thicker than 1/5 of the diameter of the support ring (2b in Fig. 3.10) and the disk 
should not be so thin that the center deflection exceeds 1/2 of the disk thickness. 


Several experimental and theoretical studies have investigated the stresses in the ring- 
on-ring equibiaxial flexure test more closely.!9-!2 In different studies, the radial or hoop 
stress on the tensile surface beneath the load ring was 20-50% higher than the stress at the 
center of the disk where Eq. (3-12) is valid. High fidelity finite element calculations for 
the loading of a zinc sulfide disk by a steel load ring with a curved contact surface show 
that nearly 10% of the disk radius experiences a stress at least 30% larger than that 
calculated by Eq. (3-12).!! Amplification of the stress beneath the load ring explains the 
common observation that many fracture origins in disk tests occur near the load radius. 
Substitution of a compliant, flat load ring made of Delrin for the steel load ring decreased 
the excess stress beneath the load ring by a factor of 5.!1 


Figure 3.12 shows two ceramic disks that were broken in a ring-on-ring flexure test. 
The disk on the right broke at 1.4 times as much load as the disk on the left. It is typical 
that the stronger sample broke into more pieces because it stored 40% more energy than 
the weaker sample prior to shattering. An experienced person can look at the fracture 
patterns in Fig, 3.12 and make an educated guess as to the failure origin of each sample. 
However, it normally requires detailed investigation with a scanning electron microscope 
to identify the failure origin unequivocally. The dashed lines in Fig. 3.12 show the 
positions of the load and support rings. You can see in the disk on the right that a good 
deal of the damage is concentrated beneath the load ring, probably because the stress at the 
load radius is higher than the stresses elsewhere in the disk. In an ideal test, the stress 
would not be amplified beneath the load ring. 


3.3 Ceramics fracture at pre-existing flaws 


A close-up look at the fracture origin in disks such as those in Fig. 3.12 may reveal 
a scene such as that in Fig. 3.13. Distinct "river marks" (a pattern of lines) lead back 
toward a "fracture mirror” within which the failure began. The approximate dimensions 
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Strength = 66 MPa Strength = 91 MPa 
at 121°C at 21°C 


Fig. 3.12. Zinc sulfide disks from a ring-on-ring flexure test illustrating that stronger 
specimens tend to break into more fragments. Positions of the load and support rings are 
indicated by dashed lines. Note the high concentration of damage at the load ring radius in 
the specimen at the right. 


of the mirror are designated a and 2b in Fig. 3.13. Examination of the tensile surface of 
the sample near the fracture mirror might show polishing scratches or mechanical damage 
at which stress was concentrated to initiate fracture. Alternatively, the origin might be a 
defective grain or grain boundary or a void. Occasionally the fracture origin is internal, 
but most often it is at the surface of the specimen. The "critical flaw" is the one at which 
fracture begins when the flaw strength is exceeded by the applied stress. The larger the 
size of the flaw, the easier it is for the ceramic to fracture. Examination of the fracture 
origin is called fractography. 


Fig. 3.13. Fracture origin 
in a ceramic disk seen under 
a scanning electron micro- 
scope. Horizontal bar at the 
bottom has a length of 100 
uum (0.1 mm). The label 2b 
marking the length of the 
fracture mirror is drawn at 
the surface of the specimen. 
The depth of the critical flaw 
isa. “River marks" are the 
series of lines radiating down 
into the sample from the 
fracture mirror. [Photograph 
courtesy Jack Mecholsky, 
University of Florida.] 





96 Materials for Infrared Windows and Domes 





Figure 3.14 shows the edge of an optically polished ceramic disk prepared for 
strength measurement. Compared to the polished face, the edge is very rough and, 
therefore, weaker. If the stress were as high at the edge of the disk as at the center, most 
samples would fracture at the edge. The measurement of strength would be meaningless. 


Fig. 3.14. Irregular edge of 

optically polished ceramic disk 

showing numerous flaws at 

_ ~~ which fracture might originate. 

- Lines on the flat, polished 

foe surface are grain boundaries. 

(Photograph courtesy Marian 

Hills, Naval Air Warfare 
Center.) 





250 um 
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3.3.1 Stress concentration by cracks 


The theoretical strength of a defect-free material can be estimated from the forces 
needed to pull planes of atoms apart from each other.!3 The result is 


Theoretical strength = WISE .. Es (3-14) 
ao 10 


where E is Young's modulus, sz is the surface energy (the energy needed to create a unit 
area of new surface, J/m2), and dy is the spacing between rows of atoms in the crystal. 


Although fine whiskers of nearly perfect crystals can achieve strengths near the 
theoretical limit, bulk ceramics are typically weaker by two orders of magnitude. For 
polycrystalline zinc sulfide, for example, E = 74 GPa, so its theoretical strength is ~7 
GPa = 7000 MPa. The actual strength of zinc sulfide is ~100 MPa, which is around 1% 
of the theoretical strength. 


We can understand why most real materials are so weak by considering the 
concentration of stress at the tip of a flaw in the real material. Figure 3.15 shows a 
simple approximation for a flaw in a plate of material whose dimensions are assumed to 
be much larger than the flaw. The flaw is an elliptical opening with axis lenghs 2b and 
2c. The stress in the material in the y direction (parallel to the applied stress) at the end 
of the flaw is 


2c c 
Oy = Oapplied ( 4 s = Oapplied ( + 2 \ 0 ; (3-15) 


where p is the radius of curvature (= b2/c) of the ellipse at the left and right ends. 
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Oapplied 






Fig. 3.15. Elliptical cavity with 
semi-axes b and c in large plate with 
applied stress Ogpplied in the y 
direction. 


Capplied 


Equation (3-15) says that the more elongated the crack, the smaller its radius of 
curvature at the tips and the more amplified the stress at the crack tips. If c/b = 5, then 
Oy = 110gpplied : That is, the stress at the tip of the crack is 11 times greater than the 
applied stress. Thin cracks amplify the applied stress and can bring the material to the 
point of mechanical failure. 


Most of our current thinking about the fracture of brittle materials is based on energy 
considerations first introduced by Griffith.!3.14 He considered a thin crack of length co 
penetrating a material from the edge, as in Fig. 3.16. Under the applied stress, Ogpplied, 
the crack might propagate by an infinitesimal distance, dc. 


Exposed surface with Fig. 3.16. Thin crack of length 
energy y per unit area c at the surface of a material. 





Sapplied 


Griffith equated the total energy of the system to the mechanical potential energy 
stored in the strained ceramic (which behaves as a stretched spring) plus the mechanical 
work associated with moving apart the two loading points plus the surface energy of the 
exposed crack. The total energy reaches a maximum when the applied stress is 


Griffith strength relation: Opyitica] = ‘\ TISE (3-16) 
oO 
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where E is Young's modulus and ygz is the surface energy per unit area. For an applied 
stress less than Ogyjticqj, the crack does not propagate because the energy needed to expose 
new surface is greater than the mechanical energy applied to the system. For an applied 
stress greater than Ocritica], the crack will open abruptly. Ideally, nothing happens to the 
crack as stress is applied until a critical stress is reached. Then the crack opens abruptly. 
The strength of the material is O¢;yjtic¢gj. The Griffith equation predicts that the strength 
of a material decreases inversely as the square root of the size of the critical flaw from 
which failure originates. 


3.3.2 Strain rate dependence of strength 


Contrary to the ideal behavior predicted by Eq. (3-16), it is possible for a crack of 
subcritical size to grow slowly under an applied stress. When the crack reaches the 
critical size, it cannot resist the load and failure occurs abruptly. Therefore, the strength 
measured in various mechanical tests can depend on the rate at which stress is applied. If 
the strain rate is slow, subcritical cracks have time to grow and the material will 
ultimately fail at a lower stress than would have been observed if the cracks had not 
grown. Figure 3.17 shows that the faster the strain rate used for strength measurement, 
the stronger the ceramic will be.!5-16 From measurements such as those in Fig. 3.17, 
we can deduce the growth rates of subcritical cracks during the mechanical test.!7-19 





4000 
3500 
Fig. 3.17. Dependence 
3000 of rupture strength on strain 
rate for c-axis sapphire 
2500 fibers (~200 um diameter) 
at 20°C! and 1400°C.!6 
2000 Dashed curves are guides for 
41000 the eye. Error bars are one 


standard deviation. 
900 


STRENGTH (MPa) 


800 
700 
600 





10° 9.0001 0.001 0.01 0.1 1 
STRAIN RATE (min‘)) 


3.4 Weibull statistics 


Ceramic strength is statistical in nature. What is the probability that the right flaw 
with the right orientation is present to initiate failure? While there are elaborate 
approaches to dealing with this question,?»-29 we introduce only the simplest and most 
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common description of ceramic failure statistics — the Weibull distribution.2!.22 
Appendix F provides more detail on Weibull statistics and explains how to predict the 
behavior of a material in one kind of mechanical test from its behavior in a different kind 
of mechanical test. 


3.4.1 The Weibull distribution 
As a concrete example, consider the flexure strengths of a set of zinc sulfide disks in 
Table 3.1. The samples are numbered 7 = 1 to 13, with strengths ordered from weakest to 


strongest in the second column. We define the probability of failure as23 


i- If, 


N (3-17) 


Probability of failure = P = 


where N is the total number of samples tested (V =13). Weibull related the probability of 
failure to strength, 5S, with the empirical equation 


Weibull distribution: P = 1 - e(/So)”™ (3-18) 
where m and Sp are constants called the Weibull modulus and scaling factor, respectively. 


More complete forms of the Weibull distribution discussed in Appendix F take into 
account the area (A) or volume (V) of the specimen, depending on whether fracture 
originates on the surface or in the volume. The more complete equations are 


P=1-eAAoKSSo)™ ofp P= -e(WVo)S/So)” (3-19) 


where Ag and V, are arbitrarily chosen unit areas or volumes such as 1 cm? or 1 cm?. In 


Table 3.1. Data for Weibull plot of zinc sulfide strength” 


Sample Strength, S$ Probability of failure 
number, i (MPa) P = (i-!/y)/N In {In [1/(1-P)]} In S 
1 62 0.038 ~3,239 4.127 
2 69 0.115 -2.099 4.234 
3 73 0.192 -1.544 4.290 
4 716 0.269 -1.159 4.331 
5 87 0.346 -0.856 4.466 
6 89 0.423 -0.598 4.489 
7 90 0.500 -0.367 4.500 
8 93 0.577 -0.151 4.533 
9 100 0.654 0.059 4.605 
10 107 0.731 0.272 4.673 
11 110 0.808 0.500 4.700 
12 125 0.885 0.770 4.828 
13 126 0.962 1.181 4.836 


*Values were measured with standard grade zinc sulfide disks of radius 12.7 mm and 
thickness 1.96 mm using a ring-on-ring test fixture with a load radius of 5.36 mm and 
support radius of 10.13 mm. 
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Fig. 3.18. Left: Weibull plot for zinc sulfide and yttria disks tested in ring-on-ring 
flexure. Right: Probability of failure vs. stress for the same samples shown at the left. 
Smooth curves are best-fit Weibull curves given by Eq. (3-18) with m = 5.4338 and S, = 
100.6 MPa for zinc sulfide and m = 7.8718 and Sg = 128.9 MPa for yttria. 


Equation (3-18) the unit area or volume is taken as that of the test specimen. That is, A 
=A, orV=YVp. 


Equation (3-18) can be cast in linear form by rearranging and taking the natural 
logarithm twice. The result is: 





In (in =p) =m InS-m in So. (3-20) 


To find m and Sy, we prepare a graph of In {In [1/(1-P)]} vs. In S. The slope is m, and 
the intercept is m In Sy. The upper left curve in Fig. 3.18 is derived from the data in 


Table 3.1. The slope (5.4338") of the straight line drawn through the points is the 
Weibull modulus. The scaling factor is obtained from the intercept: 


Sy = e(-intercept/m) — o(25.055/5.4338) — 100.6 MPa. (3-21) 


The scaling factor is somewhat greater than the mean strength of the disks, which is 93 
MPa. Equation (3-24) states how the mean strength is related to the scaling factor. 


At the right side of Fig. 3.18 is a graph of probability of failure vs. stress. The 
smooth curve is the Weibull function in Eq. (3-18) with the values m = 5.4338 and S, = 
100.6 MPa. We associate the lowest probability of failure with the lowest stresses and 
the highest probability of failure with the highest stresses. That is, by the time the 
applied stress is 120 MPa, the probability that the zinc sulfide disk will break is high. 


“We retain many digits to avoid roundoff errors in subsequent calculations. The spread in 
the data rarely justifies more than one decimal place in the Weibull modulus. 
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A higher Weibull modulus implies that the strength is more reproducible. The lower 
curve at the left in Fig. 3.18 is for a set of 37 yttria disks. The steeper slope tells us that 
the Weibull modulus is higher for this set of yttria disks than for this set of zinc sulfide 
disks. The relative spread of strength is less for yttria than for zinc sulfide. The average 
strength of the yttria samples is 121 MPa, with a standard deviation of 18 MPa, or 15%. 
The average strength of the zinc sulfide samples is 93 MPa, with a standard deviation of 
20 MPa, or 22%. 


Equation (3-18) is a 2-parameter Weibull distribution with the empirical parameters 
m and Sy. This equation adequately describes the data in Fig. 3.18. Sometimes the 
behavior in Fig. 3.19 is observed and a third parameter is required to fit the data. The 
3-parameter Weibull distribution includes the factor S,,, which is the critical stress below 
which failure does not occur: 


3-Parameter Weibull distribution: P = 1 - e(/[So-Su 1)” | (3-22) 


The 2-parameter equation is mathematically easier to deal with, so we will use the 
2-parameter Weibull distribution in subsequent discussions. 


Fig. 3.19. Weibull 
plots for tensile strength 
of silicon nitride dogbone 
specimens with the shape 
shown in Fig. 3.1. The 
2-parameter fit gives m = 
413 and Sy = 1102 MPa. 
The 3-parameter fit gives 
m=4, So = 1109 MPa 
and S,, = 665 MPa.24 
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3.4.2 Safety factors 


With a standard deviation of 15%, the yttria strengths in Fig. 3.18 span a range in 
which the strongest sample (168 MPa) is 2.3 times stronger than the weakest sample (73 
MPa). The strength of the weakest sample is 60% of the average strength of the set. If 
you were designing a system with this yttria, it would be wise to add a conservative 
safety factor to avoid the likelihood of catastrophic failure. 


mean strengm 
mean strength | (3-23) 


Safety factor: | Maximum allowed stress = safety factor 


Customarily, a safety factor of 4 is used for ceramic windows. For an average strength of 
121 MPa, we would not design a system to exceed a stress of 30 MPa. 
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Although a safety factor of 4 is commonly used, it is sensible to base the safety 
factor on the Weibull modulus, which typically varies over the range 2 to 20 for different 
materials. A material with a Weibull modulus of 20 should safely handle stresses much 
closer to the average strength than one with a Weibull modulus of 2. 


Before going further, we note that if the strengths of a set of identical coupons follow 
a 2-parameter Weibull distribution, then the mean strength, S , is a fraction I of the 
Weibull scaling factor, Sp: 


S =S)xT. (3-24) 


I’ is a function of the Weibull modulus and is typically in the range 0.90 to 0.95. 
Numerical values of Tare listed in Table F.2 in Appendix F. For m = 5, = 0.918, so 
the mean strength is about 92% of So. 


Now let's look at an example of how to choose a safety factor. Suppose that a set of 
ceramic samples has a Weibull modulus of m = 5 and a scaling factor of Sy = 100 MPa. 
At what stress would the probability of failure be 50%? At what stress would it be 
0.1%? To answer these questions, rearrange Eq. (3-20) to the form 


In ae, = (%) (75). (3-25) 


For the 50% probability of failure, insert P = 0.50 and m = 5 on the right side to get 


S 1 1 
In & } = (4) In (in 1. ) = -().0733 


S_ = ¢0.0733 =, g = (0,929)S, = 92.9 MPa (since So = 100 MPa). 


oO 








4 


For the 0.1% probability of failure, insert P = 0.001 into Eq. (3-25) to find S = 25.1 
MPa. 


The example shows why a safety factor of 4 is reasonable. For Sy = 100 MPa and m 
= 5, Eq. (3-24) tells us that the mean strength is § ~ 91.8 MPa. If we take 0.1% as the 
desired probability of failure, then the maximum allowed stress is 25.1 MPa. The safety 
factor from Eq. (3-23) is 


_ mean strength _ 91.8 MPa _ 
matety tactor = maximum allowed stress 25.1 MPa ~ ea 


A safety factor of 4 puts us in the right region for a reliability of 99.9%. 


The example we just considered was based on a Weibull modulus of 5. If the 
material were more reproducible in its behavior, perhaps it would have a Weibull modulus 
of 20. In this case, for the same scaling factor of Sg = 100 MPa, the mean strength is 
97.4 MPa (using I’ from Table F.2), the 50% probability of failure comes at 98.1 MPa 
and the 0.1% probability of failure comes at 70.8 MPa. For this material with m = 20, a 
safety factor of 97.4/70.8 = 1.4 gives the same reliability as a safety factor of 3.7 if the 
Weibull modulus were 5. 
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A higher safety factor is required when reliability must be greater. If failure of a 
window could lead to loss of an airplane, perhaps you would want a probability of failure 
of 10-7 instead of 10°3. Table 3.2 indicates that for a probability of failure of 10-7, the 
safety factor needs to be 23 if m= 5 and 2.2 if m = 20. 


Table 3.2. Safety factors from Weibull probability of survival for Sg = 100 MPa 
Weibull Mean Stress for 0.1% Safety Stress for Safety 
modulus Strength failure (P = 0.001 factor P=107/ factor 


5 91.8 MPa 25.1 MPa 4.0 MPa 23 
20 97.4 MPa 70.8 MPa 44.7 MPa 2.2 





3.5 Strength scales with area (or volume) under stress 


Our discussion so far only describes the behavior of identical test specimens. If you 
test one kind of coupon, such as a small disk, and want to find the failure probability of 
another kind of object, such as a large window, differences in volume and stress state 
must be considered. We consider simple volume or area scaling in this section. 


Since the strength of a ceramic is governed by the presence of defects, it is plausible 
that a given stress operating over a large area is more likely to encounter a strength- 
limiting defect than the same stress operating over a small area. That is, large objects 
tend to fail at lower stress than small objects. In the following discussion, we consider 
the case in which failure originates at the surface. If failure can originate anywhere inside 
the component, we would substitute volume for area in the discussion. 


Suppose that a ceramic manufactured by a particular method has a Weibull modulus, 
m. Suppose also that we test a series of disks in ring-on-ring flexure with a load area of 
A] (= Xa” in Fig. 3.10) and find an average strength S;. If we test a second set of the 
same kind of disks using a load area A? (>A7), the strength S2 will be lower:2>»26 


S$? A] l/m 
57 = (2) : (3-26) 


Equation (3-26) is derived for volume scaling in Eq. (F-17) in Appendix F. 





Example: Predicting flexure strength for parts with different size. The zinc sulfide 
disks in Table 3.1 have an average strength of S$; = 93 MPa with a Weibull modulus of 
5.4 when the load radius is 5.36 mm. If larger disks were tested with a load radius of 
10.0 mm, what is the expected average strength, $2? We answer this with Eg. (3-26): 


So (5.36 mm)2\/5-4 
ie freed = 0.79 =} Sp = (0.79) (93 MPa) = 74 MPa. 
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The disks with the larger load area are expected to be only 79% as strong as the disks with 
the smaller load area, even though they are made of the same material. 





To compare parts with complicated geometries, a finite element stress analysis 
should be carried out. Appendix F explains that the effective area under stress is 





| ak 
Effective area = ( ) dA (3-27) 


Omax 


where o is the stress in a given surface area element, dA, and 0,9; is the maximum 
stress found in any surface area element. The integration in Eq. (3-27) is carried out 
numerically by summing over all surface elements with a tensile stress. Surface elements 
in compression are ignored. This method has been used” to predict strengths of 
components with different sizes and shapes under different types of loads.3-27 


Different tests of the same size samples give different strengths if the loading 
geometry is different. For example, high quality sintered alumina disks tested in ring-on- 
ring flexure exhibit a strength of 154 + 6 MPa. A set of identical disks tested in a 
similar ball-on-ring test exhibit a strength of 292 + 14 MPa, since much less area is 
loaded by the ball than by a ring (Fig. 3.20). There are many experimental examples in 
which ball-on-ring disk flexure strength is greater than ring-on-ring flexure strength!2 and 
3-point bar flexure strength is greater than 4-point flexure strength.4-30 





Ball-on-ring test Ring-on-ring test 


Strength of high purity sintered alumina: 
Ball-on-ring: 292 + 14 MPa 
Ring-on-ring: 154+6 MPa 


Fig. 3.20. Ball-on-ring and ring-on-ring flexure tests. The ball loads a smaller area 
(with an effective radius of ~1/3 of the disk thickness) than the ring. (An equation to 
calculate the stress beneath the ball is found in Refs. 10 or 31.) 


* Although we have examples in which Eqns. (3-26) and (3-27) are successful, they may 
not always work. In one series of experiments,28 the strength of silicon nitride was 
measured in tension, 4-point bending, 3-point bending and ring-on-ring equibiaxial 
flexure. Mean strengths measured in the four types of tests were 526, 629, 660 and 721 
MPa, respectively, with Weibull moduli between m = 8.0 and m = 9.6. A graph of 
In(mean strength) vs In(effective volume) for the four types of tests gave a straight line 
with a slope of -0.040, instead of the expected slope of -1/m = -1/9 = -0.11. In another 
case, as specimen size was increased, the predominant type of critical flaw changed from 
surface damage to internal flaws characterized by different Weibull parameters.?? 
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3.6 Strengths of optical ceramics 


For a given material manufactured in a consistent manner with a consistent surface 
finish having consistent flaw characteristics, mechanical strength depends on the kind of 
test that is performed and on the size of the test coupon. Rarely do we have such perfect 
control of manufactured parts because the nature and quality of machining and polishing 
different kinds of test specimens and real windows and domes are highly variable. 


The moral of this story is: 


It is dangerous to quote the strength of a material, since it depends 
on the type and quality of surface finish, material fabrication 
method, material , test method and specimen size. 





Nonetheless, virtually every application requires us to know the "strength" of the 
material. So we will go out on a limb and present strengths drawn from numerous 
sources in Table 3.3. 


Table 3.3. Approximate room-temperature strengths of infrared window materials” 


Material Strength (MPa) Material Elastic limit (MPa)t 
Silicon carbide 600 CaF> (hot forged!) 55 
Silicon nitride 600 MgF>? (single-crystal) 50 
Sapphire?2,33 300-1000 CaF> (single-crystal) 37 
Diamond (CVD*)34-49 ~—- 100-800 BaF> (single-crystal) 27 
ALON 300 KRS-5 26 
Spinel 190 LiF (single-crystal) 11 
Yttria (doped/undoped) 160 KCI (hot forged) 11 
Silicon 120 NaCl (hot forged) 10 
MgF> (hot pressed) 41,42 100-150 CsI (single-crystal) 6 
CaF» (single-crystal)*3 100-150 NaC] (single-crystal) 2 
Gallium phosphide§44 — 100-120 KCI (single-crystal) 2 
Gallium arsenide“5 60-130 KBr (single-crystal) 1 
ZnS (standard) 100 

ZnS (multispectral) 70 

Germanium 90 

SrF> (single-crystal)*3 70-110 

Fused silica 60 

Zinc selenide 50 


“Material strength should always be considered approximate. It varies with the quality of 
surface finish, fabrication method, material purity, type of test and size of the sample. 


TBlastic limit is the load at which the rate of deformation is twice as great as the initial 
rate. The elastic limit is used in place of the strength, S, in Eq. (3-28). Values are 
quoted from the Harshaw/Filtrol Crystal Optics Catalog, Solon, Ohio. 


+Chemical vapor deposited diamond. 
IHot forging is described in Section 5.4.3. 
$Strength = 195 MPa at 500°C.44 
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If the strength of a window material is marginal for your particular application, it is 
important to seek primary data from the manufacturer of the specific material you plan to 
use, with the same surface finish you plan to use. The data should include all of the 
information on the geometry of the test so that you can try to account for the effects of 
size and stress state with Eqns. (3-26) and (3-27) to predict the probability of failure for 
the ceramic component of interest to you. Alas, usually the data you want do not exist 
and you may need to conduct your own mechanical test program with parts manufactured 
to your specifications. 


In some cases, a window is required to be exposed to stresses that will fracture an 
unacceptable fraction of the window population. For example, the required probability of 
survival might be 99.9% and the predicted probability of survival might be 75%. It is 
still possible to make reliable windows if each one is subjected to a proof test (described 
in Chapter 8) in which it is stressed somewhat beyond the operational stress. The 
windows that fail end up in the garbage and the windows that pass are known to be 
reliable if it can be shown that the proof test does not weaken the window. The simplest 
way to ensure the reliability of the proof test is to stress the same part again and again to 
show that if it passes once it passes repeatedly. It may not be trivial to devise a proof 
test that mimics the stress that will be encountered in actual operation of the window. 


3.6.1 Strength is not an intrinsic property of a material 


It cannot be stated too strongly that strength depends on the quality of the material 
being tested and how you choose to make the measurement. Strength is not an intrinsic, 
invariable property of an ideal material. 


Difficulties in reporting the "strength" of a material are illustrated in Table 3.4 for 
hot pressed MgF> from the 1970's and single-crystal MgF2 from the 1990's. Consider 
the ring-on-ring disk flexure data. The hot pressed material has a mean strength of 88 
MPa and single-crystal material with three different surface finishes has a mean strength 
of 142 MPa. Is the hot pressed material really weaker than the single-crystal material? 
This sounds like a dumb question, but the answer is probably "no." 


If failure originates at the surface within the load ring, we can use Eq. (3-26) to 
predict the strength of the hot pressed material from the single-crystal data. The load 
diameter for the single crystals was 5.79 mm and the load diameter of the polycrystalline 
material was 38.1 mm. The ratio of their areas is 5.792/38.12. Eyeballing a mean 
Weibull modulus of M = 5, we calculate 


Spolycrystal = A single crystal ae 
Ssingle crystal Apolycrystal 


Spolyerystal _ (5.7929 
142 MPa = as 2] = Spolycrystal = 67 MPa. 


Based on area scaling, the hot pressed disks should have a mean strength of 67 MPa. The 
observed strength of 88 MPa is higher than the value predicted from the single crystals. 
It appears that the polycrystalline material is stronger — not weaker — than the single- 
crystal material. This is not obvious from the strengths reported in Table 3.4 because the 
load areas are so different. 
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Table 3.4. Strength of magnesium fluoride 


Strength (MPa) 
+ standard deviation Temperature Weibull parameters 
Material (n = number of specimens) (°C) m So CMPa) 


Ring-on-ring disks (85.1 mm diameter with unstated thickness) 
(Load diameter = 38.1 mm; support diameter = 79.4 mm) 


Hot pressed 88 + 21 (n= 15) 24 5.0 96 


Ring-on-ring disks with 3 different polishes (38.1 mm diameter x 2.5 mm thick)*! 
(Load diameter = 5.79 mm; support diameter = 25.4 mm) 


Single crystal, polish A 137 + 29 (n= 21) ~24 5.7 148 
Single crystal, polish B 167 + 32 (n= 19) ~24 7 181 
Single crystal, polish C 122 + 33 (n= 20) ~24 4.4 134 
4-point flexure bars (length = 25.4, thickness = width = 1.78, load span = 8.38 mm) 

Hot pressed 129 + 16 (n= 20) 24 9.7 136 
Hot pressed 129 + 14 (m= 10) 121 9.9 135 
Hot pressed 140 t 44 (n = 23) 260 3.5 152 
Hot pressed 139 + 36 (n = 20) 399 4.8 151 
Hot pressed 111432 M=17) 538 4.0 122 


The 4-point flexure samples have a much higher strength than the hot pressed disks, 
and much less surface is in tension. Which strength should you use for magnesium 
fluoride? A good choice would be to measure the strength of the same kind of material 
with the same kind of surface finish placed in the same kind of stress state (uniaxial or 
biaxial) that will be encountered in practice. Then a scaling by area or volume needs to 
be made. Strength is not an intrinsic property of a material. 


3.6.2 Temperature dependence of strength 


Ceramics lose strength at sufficiently high temperature. Figure 3.21 shows that 
spinel gradually weakens between 600° and 1200°C, while lanthana-doped yttria does not 
lose strength up to 1600°C (although a precipitous loss occurs between 1600° and 
1700°C). 


Many studies of sapphire (single-crystal AlgO03) with different crystal orientations, 
different finishes, and from different growth methods show significant strength loss above 
room temperature.?-48-52 In the work of Wachtman and Jackman in Fig. 3.22, the 
strength reached a broad minimum at 300-600°C. Gentilman found no minimum up to 
1000°C. By contrast, the strength of polycrystalline alumina, which has the same 
chemical composition as sapphire, is essentially constant up to 800°C and then begins to 
fall.49:59,53 The right side of Fig. 3.22 shows that the tensile strength of 0.2-mm- 
diameter sapphire filaments is much greater than that of bulk crystals. Filaments are 
stronger than bulk samples of many materials because filaments have a small surface or 
volume in which flaws can be found. 


Zinc sulfide is unusual in that its strength increases with increasing temper- 
ature.495 In Fig. 3.23 the strength is almost twice as great at 700°C as at 20°C. 
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Figure 3.22. Left: Flexure strength of sapphire. Wachtman:48 4-point flexure of 
flame-polished 2.5 x 38 mm rods with rod axis || c (0° rods). Jackman:49.°0 4-point 
flexure of 2 x 2 x 58 mm ground prisms with random orientation. Gentilman:>! Biaxial 
flexure of 2.5 x 51 mm polished disks with surface normal to c or 60° from c. Right: 
Tensile strength of c-axis filaments.>2 


Although the strength of ZnS increased with temperature when measured in air,24:>> 
measurements under nitrogen showed little change in strength from 25 to 600°C.°® A 
possible explanation is that when ZnS is heated in air, oxygen diffuses to the microscopic 
crack tips where it chemically reacts and the product blunts the crack tips.°© Blunting the 
crack tips increases the strength of the material. 
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Fig. 3.23. Ring-on-ring biaxial 
flexure strength of standard grade 
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Gallium phosphide also has an unusual increase of strength with increasing 
temperature. The strength of 25-mm-diameter x 2-mm-thick polycrystalline disks 
increased from 118 + 24 MPa at 25°C (18 disks with Weibull modulus = 5.3) to 195 + 
30 MPa at 500°C (15 disks with Weibull modulus = 6.5).44 


3.7 Window and dome design 


The more pressure a window or dome must withstand, the thicker it should be. We 
now consider examples of window and dome design. 


3.7.1 Designing a circular window 


Suppose that a circular window with thickness d and exposed diameter L (Fig. 3.24) 
is subjected to a pressure of P MPa. Let the strength of the window material be S MPa 
and the design safety factor be f. We can choose any number we desire for f, but a factor 


vet tt 


d 


x 





bag vo 





L L 
Clamped Unclamped 


Fig. 3.24. Clamped and unclamped circular windows. The clamped window 
experiences maximum tensile stress at the edge of the clamped area, while the unclamped 
window experiences maximum stress at the center. 
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of 4 is customary. That is, we choose not to exceed a stress greater than one-fourth of the 
strength of the material. The required ratio of thickness to diameter is given by 


kf P (3-28) 


d_ 
cL S 


tN [| 


where k is 0.75 for a clamped window and 1.125 for an unclamped window (Fig. 3.24). 





Example: Thickness of a circular window. How thick should a 10-cm-diameter 
sapphire window be if it is clamped at the edge and must withstand a pressure of 100 atm? 
One atmosphere equals 0.101 MPa, so 100 atm = 10.1 MPa. If the average strength of 
sapphire is taken as § = 400 MPa, then Eq. (3-28) gives 


2. thi fo. 75) (4) (10.1 MPa) _ 
= 400 MPa ete 


That is, the thickness should be 14% of the exposed diameter, or (0.14)(10 cm) = 1.4 cm. 
If we had used a calcium fluoride window instead, with a strength of 37 MPa, the required 
thickness would be 4.5 cm. Figure 3.25 shows the ratio of thickness-to-diameter for 
clamped circular windows as a function of pressure and material strength. 


— 


eee ae ead aed ane tt mecmndintiaiea eae Za pt — AP 
pt ott ette— + 4+ + 44+:  endhendhediad till Dniitilied + + ope > + + 
+44 tt Ff 4 + segs ys ‘ «8 

++ +++ = mth 

——T ttt isso on a a 


nh 7 
Stim ZS Pitt Ze nt 


eg at 


8 

aa 1 vil Fig. 3.25. Thickness- 
ee iH &- : 

~ OL Pe eal to-diameter ratio required 
i =r te PS — See for the clamped window 
2 es POSE in Fig. 3.24 as a function 
= 7 CaS oN N3 COT of applied pressure and 
2 CH HO benIND aiilll material strength. A 
A a iis safety factor of f= 4 was 
e ee a eS Hi used for the calculations. 
na 

S 

eo 

se 





.001 01 a 1 10 100 
PRESSURE (MPa) 


Mechanical and Thermal Properties 111 


3.7.2 Designing a dome 


Now we discuss how thick the dome in Fig. 3.26 must be to withstand a pressure 
load. Section 4.3.3 discusses thermal considerations in dome design. Let the dome have 
a thickness d, a spherical radius r, a base diameter D, and an included angle 20. Ifa 
pressure, P, is applied across the dome, and if the dome is simply supported so that it is 
free to bend, then the maximum tensile stress, o, induced by the bending is>/ 


rP pare. 
o= | cos6 (1.6 + 2.44 sin®@ 1) d i - | : (3-29) 


The geometry in Fig. 3.26 tells us that sin@ = D/2r and, always, cos@ = V 1-sin26. 
Equation (3-29) is valid if d/r is in the range (1/;2)(sin2@) < d/r < (1/1,2)(sin26). If the 
dome is not simply supported, but is clamped at its base, then the maximum stress is 
compressive and is located near the base of the dome. In this case the maximum 
compressive stress is O = -1.2r/d for (1/,5)(sin26) < d/r < (1/3)(sin2@). We are only 
concerned with the simply supported dome under tensile stress. 


—> 
—-> 
p Fig 3.26. Missile dome with 
st simply supported base. For the 
v example in the text, r = 50 mm, 
D =50 mm, and @= 30°. 


—> 
> 


We will consider an instructive example from Klein>® of a dome on a missile that 
must be capable of the low, medium, and high altitude flights in Table 3.5. The three 
flights require cruising at Mach 3 at an altitude of 1 km, Mach 4 at an altitude of 3 km, 
or Mach 6 at an altitude of 30 km. We designate the external atmospheric pressure far 
away from the missile as the free-stream pressure, P.., and the stagnation pressure at the 


front of the dome as P,;. If the dome cavity is vented so its internal pressure is P.., then 
the pressure difference across the nose of the dome is 


P 
Pressure across dome = P = Pyy- Poo = Poo (pe - | ; (3-30) 
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Table 3.5. Airstream characteristics for three different missile flights” 


Low Medium High 

altitude altitude altitude 
Flight altitude (km) 1 3 30 
Peak Mach number 3 4 6 
Free stream pressure (kPa) 89.9 70.1 1.20 
Stagnation pressure ratio, Eq. (3-31) 12.1 21.1 46.8 
Pressure across dome (kPa) 998 1410 55.0 
Free-stream temperature (K) 282 269 227 
Stagnation temperature (K) 790 1130 1861 


*Stagnation temperature (K) = (free-stream temperature) x [(1 + ( 1/9)(-1)M 7], where 
M.. is Mach number and y= 1.4. Free-stream temperature is the temperature of the 


atmosphere far away from the missile. Temperature and pressure are from Table 4.4, 
U.S. Standard Atmosphere, 1962 [American Institute of Physics Handbook, 3rd ed, 
McGraw-Hill, New York (1972)]. 


The ratio of stagnation pressure to free-stream pressure is 


Pst_ (ytl,, 2 mn (24M M2 ELD _ 
Pes -(4 M oo ) ¥+1 y+i (3-31) 


where M., is the Mach number at which the missile is traveling and yis the heat capacity 
ratio of air, taken as 1.4. With the free-stream pressures in Table 3.5 for each altitude, 
Eqns. (3-30) and (3-31) give us the pressure difference across the dome on the fifth line of 
Table 3.5. The worst-case pressure of 1410 kPa (14 times standard atmospheric pressure) 
occurs in the medium altitude flight. 


To find the thickness of the dome in Fig. 3.26 needed to survive a pressure of 1410 
kPa, we use Eq. (3-29). With P = 1.41 MPa, r = 50 mm, and @ = 30°, we can plot the 
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100 Fig 3.27. Graph 
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maximum tensile stress on the dome as a function of dome thickness, which is shown in 
Fig. 3.27. Suppose that the dome material has a mean strength of 100 MPa and we want 
to use a safety factor of 4. Then the maximum allowed stress would be 100/4 = 25 MPa. 
Figure 3.27 says that the dome thickness must be d = 5.1 mm to keep the stress below 
25 MPa. Is Eq. (3-29) valid for this dome thickness? The caveat beneath the equation 
was that d/r must be in the range (1/15)(sin2@) to (1/7; .2)(sin* 6), which is 0.0208 to 
0.208 for 8 = 30°. The required value of d/r is (5.1 mm)/(50 mm) = 0.102, which is in 
the valid range. We therefore need to specify a dome thickness of 5.1 mm. 


We can use Eq. (3-29) to evaluate the capabilities of an optical dome on a cannon- 
launched projectile. The effective pressure on the dome arises from the rapid acceleration 
when the cannon is fired: 


Pressure from acceleration = density x thickness x acceleration . (3-32) 


Example: Pressure on cannon-launched projectiles. What is the effective pressure on 
sapphire and zinc sulfide domes with a thickness of 2 mm if they are launched from a 
cannon with an acceleration of 15 000 times the acceleration of gravity (15 000 g's)? The 
density of sapphire in Table 3.6 is 3.98 g/mL. Since 1 mL = 1 cm, there are 10° cm? 
in a cubic meter. The density is 3980 kg/m>. The acceleration of gravity ("1 g") is 9.81 
m/s*, so 15 000 g's are (15 000)(9.81 m/s*) = 1.47 x 10° m/s2. Plugging into Eq. 
(3-32) gives the pressure: 


Pressure = density x thickness x acceleration 


= (3980 kg/m?) x (0.002 m) x (1.47 x 10° m/s) = 1.17 MPa. 


For zinc sulfide, we would use a density of 4.08 g/mL to find a pressure of 1.20 MPa. 


Example: Stress in domes on cannon-launched projectiles. Given the pressures from 
the previous example, what are the maximum tensile stresses on the sapphire and zinc 
sulfide domes? For sapphire, we use Eq. (3-29) with d= 2 mm, r= 50 mm, @ = 30°, and 
P= 1.17 MPa to find 


rP se aciee _ 
Oo = P| cos0(1.6 + 2.44 sino] f ). 1|=83 MPa. 


If sapphire has a mean strength of 400 MPa and we use a safety factor of 4, then we can 
tolerate a stress of 100 MPa. Since the estimated stress is 83 MPa, the sapphire dome is 
predicted to survive the cannon launch. 


For zinc sulfide, the calculated stress is 85 MPa. However, the mean strength of zinc 
sulfide is around 100 MPa and a safety factor of 4 would limit the allowed stress to 25 
MPa. The zinc sulfide dome design is not adequate for the cannon shell. If zinc sulfide 
domes were proof tested (Chapter 8) to throw away domes with a strength less than, say, 
100 MPa, the material could be used in a reliable design. 
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Table 3.6. Density of dome materials 


Material Density (g/mL 
ALON (9A1203°5AIN) 3.69 
Aluminum nitride (AIN) 3.26 
AMTIR-1 (Ge/As/Se glass) 4.40 
Barium fluoride (BaF?) 4.89 
Cadmium sulfide (CdS) 4.82 
Calcium aluminate glass 2.9-3.1 
Calcium fluoride (CaF?) 3.18 
Calcium lanthanum sulfide 4.61 
(CaLa2,785.05) 

Cesium bromide (CsBr) 4.44 
Diamond (C) 3.51 
Fused silica (SiO) 2.20 
Gallium arsenide (GaAs) 54 
Gallium phosphide (GaP) 4.13 
Germanate glass (Corning 9754) 3.58 
Germanium (Ge) 5.35 
KRS-5 (T1l0,543Br0,457) 7.37 
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Material Density (g/mL 

Lanthana-doped yttria 5.13 
(0.09La203°0.91Y203) 

Lithium fluoride (LiF) 2.64 


Magnesium fluoride (MgF2) 3.18 
Magnesium oxide (MgO) 3.58 
Potassium bromide (KBr) 21D 


Quartz (S107) 2.65 
Sapphire (Al703) 3.98 
Silicon (Si) 2.33 
Silicon carbide (SiC)* 3.21 
Sodium chloride (NaCl) 2.16 
Silicon nitride (Si3N4) 3.24 
Spinel (MgAl204) 3.58 
Yttria (Y 203) 5.03 
Zinc selenide (ZnSe)* 5.27 
Zinc sulfide (ZnS)* 4.08 


“Chemical vapor deposited SiC, ZnSe and ZnS. 


3.8 Hardness and fracture toughness 


Hardness is a measure of resistance to indentation.-? Figure 3.28 shows the 
indentation pattern left by a Vickers indentor, which has a square pyramidal point made 
from a crystal of diamond. The primary indentation has a diagonal length of 2a and the 
cracks radiating from the corners span a length 2c. If we could look at a cross section of 
an ideal indented sample, we would see a semicircular "half-penny" radial crack of diameter 
2c, with a median crack extending down into the ceramic from the center of the indentor. 













Plastic 
deformation 
zone 


< 
| 2a | 


Fig. 3.28. Left: Micrograph of Vickers indentation pattern in yttria. Right: Idealized 


cross section of crack system. 


Mechanical Properties 115 
If the indentation is made lightly enough so that cracks do not extend beyond the 
primary diamond-shaped impression in Fig. 3.28, the hardness is defined as 


oP 
Qe a* 





Hardness = H = (3-33) 


where P is the indentor load (newtons, N), 2a is the length defined in Fig. 3.28, and a is 
a constant that depends on the indentor geometry. For the Vickers indentor, @ = 2. The 
harder the material, the less of an indentation will be made. 


The units of hardness are N/m2, which is Pa. Frequently, the units kg/mm? are 
encountered. In such case, the indentation length is expressed in mm and the load is 
expressed as the mass required to produce the force (P = mg, where m is mass [kg] and g 
is the acceleration of gravity [9.806 65 m/s2]). A load of 9.807 N is equivalent to a mass 
of 1.000 kg. You can think of hardness as being proportional to the number of kg of 
load required to make a 1-square-mm indentation. 


The Knoop indentor in Fig. 3.29, which leaves an elongated impression, rather than 
the square impression in Fig. 3.28, is commonly used to measure hardness. Hardness 
measured with this indentor is called Knoop hardness. The hardness of single crystals is 
different for different crystal planes and even for one crystal plane with the indentor rotated 
in different directions. A Berkovich indentor® makes the triangular impression in Fig. 
3.29 that is most useful for testing single-crystal materials with trigonal or hexagonal 
symmetry. 


The measured hardness is a function of the load applied to the indentor.* At low 
loads, hardness increases. Normally, measurements are made at increasing loads and the 
hardness that is reported is the value in the plateau region (between 2 and 4.5 N in Fig. 


3.30). 

Knoop indentation Fig. 3.29. Left: 
Knoop indentor 
& showing elongated 
indenting surface. 
Vickers indentation Right. Impressions 
left by three common 
indentors for meas- 

uring hardness. 

Knoop indentor Berkovich indentation 


“Hardness should be measured with light loading that does not produce the crack of length 
c in Fig. 3.28. The apparent hardness measured under heavier loading that does produce 
cracking is not very different from hardness measured with lighter loads. 


116 Materials for Infrared Windows and Domes 





12.0 
‘11.5 : 
Pr Fig. 3.30. Depen- 
— 171.0 dence of hardness on 
W indentor load for a 
my (10.5 polycrystalline cer- 
z “66 amic.©! Normally, 
es the reported value is 
< taken where the curve 
m 95 is flat. 

9.0 
0 1 2 3 4 5 
LOAD (N) 


Geologists use the Mohs hardness scale in Table 3.7, in which selected minerals are 
given values from 1 to 10. Any material that is harder than a given mineral can scratch 
the softer mineral. Any material softer than the mineral can be scratched by the mineral. 


Table 3.8 gives the hardness of many infrared window materials. In general, the 


harder a material, the more scratch resistant it will be. Hardness should correlate with 
resistance to sand and dust erosion. 


Table 3.7. Comparison of Mohs and Knoop hardness scales 


Material Formula Mohs hardness _ Knoop hardness (kg/mm 
Talc 3Mg0°-4S109°H20 1 _ 
Gypsum CaS0O4:2H20 2 32 
Calcite CaCO3 3 135 
Fluorite CaF> 4 163 
Apatite CaF7°3Ca3(PO4)2 5 430 
Feldspar K20°Al903°6Si02 6 560 
Quartz $109 7 820 
Topaz AloF 28104 8 1340 
Sapphire (corundum) Al 03 9 2200 
Silicon carbide SiC — 2540 
Boron carbide B4C - 2750 
Boron nitride BN ~ 4500 


Diamond Cc — 10 9000 
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Table 3.8. Knoop hardness of infrared window materials 


Material Hardness Material Hardness 

kg/mm2 GPa kg/mm? GPa 
KBr 6 0.06 MgO 640 6.3 
KCl 8 0.08 GaAs (single-crystal) 7006 6.9 
AgCl 10 0.10 Y203 720 7.1 
NaCl 17 0.17 La-doped Y203 760 TS 
CsBr 20 0.20 GaP (single-crystal) 840 8.2 
KRS-5 40 0.39 Ge 850 8.3 
BaF? 80 0.78 Si 1150 11.3 
ZnSe 105 1.03 MgAlo0zq (spinel) 1600 16 
LiF 110 1.1 ALON 1800 13 
CaF 160 1.6 Si3Nq (silicon nitride) 2200 22 
ZnS (multispectral) 160 1.6 Alj03 (sapphire) 2200 22 
Zns (standard) 250 2 SiC (silicon carbide) 2540 24.9 
Fused silica 460 4.5 Diamond [(111) face] 9000 88 
MgF2 580 5 


Multiply kg/mm? by 0.009807 to convert to GPa. 


Solution hardening is sometimes observed when two materials form a solid solution. 
For example, PbS has a hardness of 93 kg/mm? in Fig. 3.31, and PbTe has a hardness of 
37 kg/mm2. Yet when a solid solution is made by gradually adding PbTe to PbS, the 
hardness increases to a maximum value near 150 kg/mm at 30 mole percent PbTe.©2 
The explanation is based on the fact that Te2> is 22% larger than S*-. As Te2> is 
substituted into the S2- lattice of PbS, the larger Te2 ions introduce a compressive stress 
into the crystal lattice, resulting in a harder material. Eventually the lattice becomes 
predominately Te and takes on the inferior hardness of PbTe. 


160 


140 
Fig. 3.31. Illustration 


of solution hardening, 
showing Vickers hardness 
of PbS/PbTe _ solid 
solution as a function of 
composition. 2 Bars 
give range of 10 
measurements. 
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Fracture toughness, also called the critical stress intensity, Kc, is a measure of 
resistance to crack extension in a material.©3-®5 From the indentation experiment in Fig. 
3.28, the fracture toughness is calculated with the equation 


Fracture toughness = Kj, = 6 \ = a7 (3-34) 


where 6 is a material-independent constant equal to 0.016 + 0.004, E is Young's 
modulus, H is hardness from Eq. (3-33), P is indentor load and c is the crack length in 
Fig. 3.28. The units of fracture toughness are usually MPaV m or, equivalently, 
MN m°!.5_ The tougher a material is, the shorter will be the cracks radiating out from 
the indentation in Fig. 3.28. Fracture toughness for some infrared window materials is 
given in Table 3.8. 


Table 3.8. Fracture toughness of infrared window materials 


Material Fracture toughness Material Fracture toughness 
(MPa m) (MPaV m) 
ZnSe 0.5 MgAl70q (spinel) 1.9 
ZnS (standard) 1.0 ALON 1.4 
GaAs [(100) face] 0.4 Y403 (doped/undoped) 0.7 
GaP (single-crystal) 0.8 Alg03 (sapphire) 2.0 
GaP (polycrystalline)” 1.0 Si3N4 (silicon nitride) 4 
Ge (single-crystal) 0.7 SiC (silicon carbide) 4 
Si 0.9 Diamond (single-crystal) 3.4 
Fused Si02 0.8 Diamond (CVD)* 2-8 
BK-7 glass 0.6 


“Chemical vapor deposited GaP and diamond. 


The subscript "I" in Ky- designates mode I opening of a fracture in Fig. 3.32. We 
usually assume that opening of a crack is the dominant failure mode for a brittle material. 


Fig. 3.32. Three 
modes of fracture. 


Mode | Mode II Mode III 
Opening Sliding Tearing 
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3.8.1 Relation of strength to fracture toughness and grain size 


The strength of a brittle material is proportional to the fracture toughness and in- 
versely proportional to the square root of the radius, r, of the fracture-initiating flaw:66-68 


K 
Strength = § = dc (3-35) 


1.24Vr 


where Kj], is fracture toughness. Usually the flaw has more of an elliptical shape than a 


circular shape (as in Fig. 3.13), in which case we use the effective radius r= V ab, where 
a and b are the depth and half-width of the flaw in Fig. 3.13. 


Fracture toughness is a measure of the intrinsic strength of a material. That is, for 
the same flaw population, strength is directly proportional to fracture toughness. 
Equation (3-35) says that strength is inversely proportional to the square root of flaw size. 


For a given fracture toughness, strength decreases in proportion to WV r. Figure 3.33 
shows the application of Eq. (3-35) to a wide range of flaw sizes for flexure and tension 
specimens of sintered silicon nitride. 
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Example: Relation of strength and critical flaw size. Zinc sulfide has a strength of 


100 MPa and a fracture toughness of 1.0 MPaVm. What is the radius, r, of the critical 
flaw? To answer this question, we rearrange Eq. (3-35) to solve for c: 


— ( Kic y _ (_1.0MPaVm_ | 5. 
r=\io4s) = Gem =o Oi esr Me Ge Qa n 
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If ZnS could be fabricated with a critical flaw size of 10 um, how strong would it be? 


1.0 MPa¥m 


Stength = 
1.24 V10 x 10° m 


Zinc sulfide would be much stronger than 100 MPa if the critical flaw size could be 
reduced by improved fabrication. 


= 255 MPa. 





The Petch equation is an empirical relationship between strength and grain size, G, 
for polycrystalline materials: 


Strength = dp + (3-36) 


ke 
VG 


where Op and k are constants.©? If the flaw size of a polycrystalline material is similar to 
the grain size, then Eq. (3-35) predicts a relationship of the form (3-36), with 0, = 0. 
Figure 3.34 shows that alumina and CsI follow Eq. (3-36) with o, ~ 0.79.71 
Magnesium oxide and zinc selenide have nonzero intercepts, so Op # 0. The strength of 
lanthana-doped yttria is independent of grain size over the limited range that was studied, 
so k = OQ for this material. Hardness also tends to be proportional to WV G for small 
grain sizes, but for larger grain sizes hardness tends to go through a minimum and then to 
increase again. /2,43 
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Fig. 3.34. Graph of 


strength vs. ING for 
alumina,’ magnesium 
oxide,’ cesium io- 
dide,’! zinc selen- 
ide,43 and lanthana- 
doped yttria (GTE data), 
illustrating Petch 
equation (3-36). 
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3.8.2 Temperature dependence of hardness and fracture toughness 


Just as modulus and strength are temperature dependent, so are fracture toughness and 
hardness. Figure 3.35 illustrates this effect./3-77 Some materials, such as gallium 
arsenide, deform plastically at elevated temperature. In such case, the fracture toughness 
increases with increasing temperature. For oxide ceramics, it is possible to estimate the 
hardness and elastic modulus as a function of temperature based on the change in 
separation between atoms in the crystal as a function of temperature. /8 
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Fig. 3.35. Effect of temperature on fracture toughness of single-crystal sapphire, /3-74 
and polycrystalline spinel,’ and hardness of single crystals of yttria-stabilized zirconia. 
The minimum in the fracture toughness curve for spinel is attributed to the sintering aid, 
LiF, which melts at 842°C./7 LiF is used in the fabrication of polycrystalline spinel and 
accumulates at the grain boundaries. 





Example: Unit conversion for hardness. Hardness is often expressed in GPa. What 
is the equivalent hardness in kg/mm2? The load produced by 1 kg is P = mass x acceler- 
ation of gravity = (1 kg) x (9.807 m/s) = 9.8 N. One mm = 10-3 m, so 1 mm? = 10°6 
m2. The conversion of kg/mm? to N/m? looks like this: 


kg _ 9.807 N/kg 6 N 
1 = 9,807 x 10°95 = 9. , 
OX 76 2m? = 9-807 x 10-5 = 9.807 MPa 


A hardness of 10 GPa (= 1010 Pa) is equivalent to x kg/mm, where x is found from the 
ratio 


x kg/mm? _ 1019 pa _ kg 
1 kg/mm? ~ 9.807 x 10° Pa > oe mim? ” 
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Chapter 4 
THERMAL PROPERTIES 


If you plunge a ceramic or glass object that is sufficiently hot into a bucket of water, 
the object is likely to shatter. The same fate awaits a window or dome if it is heated too 
rapidly by a laser or on the front of a missile. Resistance to failure by thermal shock is a 
critical requirement for some applications. We begin this chapter by discussing thermal 
expansion and thermal conductivity and then proceed to consider thermal shock. 


4.1 Thermal expansion and heat capacity 


Most materials expand when heated.” When the temperature of the rod in Fig. 4.1 is 
raised by AT, the length increase, AL, is given by . 


a = a@AT (4-1) 


where L is the initial length and ais called the expansion coefficient, or the coefficient of 
thermal expansion (C.T.E.). 


“I Fig. 4.1. Thermal expansion. 


Expansion is not exactly a linear function of temperature. The behavior of yttria is 
shown in Fig. 4.2, When heated from 300 to 1000 K, AL/L = 0.00522. Therefore the 
average expansion coefficient for yttria between 300 and 1000 K is @ = (AL/L)/AT = 
0.00522/700 = 7.46 x 10°° K-!. The expansion coefficient at a particular temperature is 
the slope of the curve in Fig. 4.2 at that temperature. At 300 K the expansion coefficient 
of yttria is 6.63 x 10-6 K-! while at 1000 K the expansion coefficient is 8.49 x 10-6 
K-!, When you look up an expansion coefficient for a material, note what temperature or 
temperature range applies. Expansion coefficients of some infrared window materials are 
given in Table 4.1. More detailed thermal property data appear in Appendix G. 


*A notable exception is the ceramic material zirconium tungstate, ZrW2Og, which 


contracts isotropically when heated in the temperature range 0.3-1050 K.!.2 This 
material is a candidate for fabricating zero-expansion composite structural materials. 
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Fig. 4.2. Thermal ex- 
pansion of yttria. The four 
different kinds of symbols 
correspond to four different 
experiments. Ordinate has 
been multiplied by 1000. 
The value 8, for example, 
corresponds to AL/L = 
0.008. Smooth curve? is 
given by AL/L = -1.69277 
x 10°3 + 5.83245 x 10°° T 
+ 1.33104 x 10°9 T2. 
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Most materials in Table 4.1 that are suitable for external use have expansion 
coefficients in the range 5-10 x 10°© K-!. Silicon, diamond and fused silica have 
unusually low expansion coefficients. Zerodur® glass ceramic (Section 5.1.1) has an 
expansion coefficient near 10°? K-! and is suitable for such demanding applications as 
telescope mirrors. The expansion coefficient of Zerodur is slightly negative at 300 K. 


Table 4.1 also gives heat capacity (also called specific heat), which is the energy 
required to raise the temperature of 1 gram of material by 1 K at constant pressure. 
Figure 4.3 shows how the heat capacity of yttria depends on temperature. A material 
with a large heat capacity changes temperature sluggishly, while one with low heat 
capacity changes temperature easily. The heat capacity of any material approaches zero as 
temperature approaches absolute zero and approaches a level value at high temperature 
(typically above 1000°C). 
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Table 4.1. Thermal properties of infrared window materials near 300 K4 


Material Expansion coefficient Heat capacity Thermal conductivity 
(10-6 K-!) (I/g-K) (W/m:K) 

LiF 34.4 1.55 11.3 
KBr 38.5 0.44 4.8 
KCI 36.6 0.69 6.7 
AgCl 31.0 0.36 1.12 
NaCl 40.0 0.84 6.5 
CsBr | 47 0.26 0.94 
CsI 48 0.20 1.1 
KRS-5 58 —- 0.54 
As2S3 glass 24.6 0.46 0.17 
Schott IRG 100 15 — 0.3 
Corning 9754 germanate glass 6.2 0.54 1.0 
AMTIR-1 Ge-As-Se glass 12.0 0.29 0.25 
BS39B calcium aluminate glass 8.4 0.86 1.23 
Fused Si09 0.52 0.74 1.4 
CaF 18.9 0.85 10 
MeF> (hot pressed) 10.4 0.50 14.7 
MgO 10.5 0.88 59 
Sapphire 5.0 (IIc)? 0.75 35.1 (lo) 

4.4(1cp 33.0 (Le) 
Y703 6.6 0.48 13.5 
La-doped Y203 6.6 0.48 | a3 
ALON 5.8 0.77 12.6 
Spinel 5.6 0.88 14.6 
ZnS (standard) 7.0 0.47 19 
ZnS (multispectral) 7.0 0.47 27 
ZnSe 7.6 0.34 16 
GaP 5.3 0.84 110 
GaAs 5.7 0.32 55 
Ge 6.1 0.31 59 
Si 2.6 0.75 163 
SiC 2.8 0.69 490 
Si3N4 2.1 (llc) 0.88 33 

1.1 (Lo) 
AIN ~4.9 0.80 320 
BP®.7 3.6 0.71 400 
Diamond (Type Ila) | 0.8 0.52 2000 


4.2 Thermal conductivity® 


When heat is added to the left side of the object in Fig. 4.4, the energy flux from left 
to right is 


Heat flux =) eae (4-2) 
m L 
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where k is the thermal conductivity (W/m:K), A is the cross-sectional area, AT is the 
temperature difference across the sample and L is the distance between the two faces of the 
material. The greater the thermal conductivity, the more rapidly heat is transferred across 
the sample. 


——————— 


Fig. 4.4. Thermal 

Heat conductivity measures the 
out ease with which heat can be 
transferred across a material. 


Heat 





Thigh Tow 


A related quantity is thermal diffusivity, which is the thermal conductivity of a 
material divided by its heat capacity per unit volume: 


k 


poise m2 
Thermal diffusivity (=) = Cpp 
Pp 


(4-3) 


where k is thermal conductivity, C, is its heat capacity per gram (J/g°K), and p is 
density (g/m>). The rate of change of temperature of a material with time is proportional 
to the thermal diffusivity and the change of temperature gradient in the material. The 
greater the thermal diffusivity, the faster the temperature change. Thermal diffusivity 
characterizes the rate of "diffusion of temperature” through a material. 


Figure 4.5 compares the thermal conductivity of a ceramic window material, calcium 
fluoride, and a metal. In general, the conductivity of a crystalline material that is not an 
electrical conductor goes through a maximum at cryogenic temperatures and then falls off 
approximately as 1/T at high temperature, where T is temperature in kelvins. The 
conductivity of an electrical conductor also goes through a maximum at low temperature, 
but levels off at a constant value at elevated temperature. 


We can understand the thermal conductivity (k) of electrically insulating ceramics 
through the equation 


k = 5Cpve (4-4) 


where C,, is the heat capacity, v is the mean velocity of acoustic waves (called phonons) 


through the crystal, and 4 is the mean free path of such waves. The mean velocity is 
approximately equal to the speed of sound in the crystal. The mean free path is the 
distance required for the vibrational wave to be attenuated to 1/e of its initial amplitude. 


To a good approximation, v is independent of temperature. As the temperature 
approaches zero, heat capacity approaches zero and therefore thermal conductivity also 
approaches zero. At high temperature heat capacity approaches a constant value. How- 
ever, the mean free path of phonons in the crystal decreases as 1/T at high temperature. 
Therefore the thermal conductivity falls as 1/7. In an electrical conductor such as copper, 
most thermal energy is carried by conduction elections which obey a different set of rules 
from lattice vibrations and lead to a constant thermal conductivity at high temperature. 
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Fig. 4.6. Thermal conductivity of 
crystalline and amorphous SiO2.19 
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Fig. 4.5. Thermal 
conductivity of copper 
and single-crystal 
calcium fluoride, 
which has a cubic 
structure.? Different 
symbols correspond to 
measurements on 
different samples by 
different investigators. 


1000 


Amorphous materials, such as 
optical glasses, generally have lower 
thermal conductivities than do 
crystalline materials because the mean 
free path of a phonon in a glass is 
shorter than the mean free path in a 
crystal. At high temperature, the 
conductivity of the glass approaches that 
of the crystal. Figure 4.6 compares the 
behavior of crystalline SiOz (quartz) and 
amorphous SiO» (fused silica). Notice 
also that the glasses in Table 4.1 have 
lower conductivities than the crystalline 
materials. 


Thermal conductivity of most 
ceramics (which are poor conductors) 
can be measured by an experiment 
similar to the one in Fig. 4.4, using a 
water calorimeter to measure the rate at 
which heat reaches the second surface. !! 
A notable complication for transparent 
materials is that radiant heat transfer (by 
photons traveling through the material) 
becomes significant in comparison to 
thermal conduction by vibrating atoms 
of the crystal lattice at elevated 
temperature. The total heat flux across 
a transparent sample increases at 
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sufficiently high temperature because of radiant heat transfer. The circles in Fig. 4.7 
show the apparent conductivity of yttria and the diamonds are corrected by subtracting the 
calculated radiant transfer across the test specimens. !2 The corrections are most 
significant above 1000 K. 


16 

14 o Observed Fig. 4.7. Thermal 
© Corrected for radiant conductivity of yttria and 

12 heat transfer lanthana-doped yttria as a 


function of temperature. 
Solid and dashed lines are 
best fits to multiple data 
sets.> Circles show one 
measured data set for yttria 
and diamonds give corrected 
values after subtracting the 
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Figure 4.8 illustrates that the thermal conductivity of electrically insulating, 
crystalline materials decreases as 1/T at elevated temperature. The reciprocal of thermal 
conductivity is called thermal resistivity. A graph of thermal resistivity versus 
temperature is a straight line at high temperature. 


The thermal conductivities of materials with very high thermal conductivity can be 
measured by the laser flash method (which also works for lower conductivity).!! In this 
experiment, a laser provides a rapid pulse of energy at the front surface of a disk. The rise 
of temperature at the back surface is then measured to determine conductivity. 
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Small quantitites of impurity in high-conductivity crystals greatly reduce the thermal 
conductivity. Figure 4.9 shows that 1 wt % oxygen atom impurity in the lattice of 
aluminum nitride reduces the conductivity by a factor of 3 at room temperature. !4 


350 


300 


Fig. 4.9. Oxygen atom 
impurities in the crystal lattice 
of AIN decrease the thermal] 
conductivity at constant 
temperature. !4 
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4.3 Thermal shock 


Consider a hemispheric infrared missile dome (Fig. 0.1) immediately after launch. 
Friction with the air heats the outside leading surface of the blunt nose more rapidly than 
the rest of the dome. The hot front surface expands more than the cooler inside and soon 
there is significant stress between the expanded and unexpanded material. If the stress 
exceeds the strength of a critical flaw, the dome shatters. This is thermal shock induced 
by aerothermal heating. Maximal tensile stress is on the inside surface of the dome, 
where failure is likely to occur. After the boost stage ends and the dome attains 
maximum temperature, the dome cools down from the outside during glide stage. At this 
time, maximum tensile stress is found on the outside surface, from which failure may 
originate. Thermal shock failure may occur at either surface of the dome at different 
stages of flight. 


The proper way to model these processes for engineering design is by finite element 
thermal stress analysis of the entire front of the missile, including the mount. In fact, a 
poorly designed mount with different thermal expansion from the dome can place more 
stress on the dome than can aerothermal heating. 


In the absence of a sophisticated analysis, a simple thermal shock figure of merit can 
be used for a semiquantitative comparison of the thermal shock resistance of different 
materials. The larger the figure of merit, the greater the heat flux that can be withstood 
by the material without catastrophic failure. 


Two figures of merit are used, depending on whether or not heat added to a window or 
dome has time to diffuse away from the hot surface.!5-17 The parameter that governs the 
rate of thermal diffusion is called the Biot number, B: 
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Biot number = B = 7 (4-5) 


where t is the thickness of the material, h is the surface heat transfer coefficient, and k is 
thermal conductivity of the material. The heat transfer coefficient gives the power that 
enters the material per unit area per unit temperature difference between the atmosphere 
and surface. The units are W/m2:K. A high Biot number means that heat moves slowly 
from one surface of the material to the other. The Biot number is low when heat moves 
rapidly through the material. 


In the limit of severe thermal shock, 8 >> 1 in Eq. (4-5) and the appropriate figure of 
merit is designated R: 


Hasselman severe thermal shock figure of merit = R = 2o™) (4-6) 
where S is the strength of the material, v is Poisson's ratio, @ is the expansion 
coefficient and E is Young's modulus. Severe thermal shock is caused by rapid heating 
of one surface of a thick dome with low thermal conductivity. 


In the limit of mild thermal shock, B << 1 and the figure of merit is designated R’: 


Hasselman mild thermal shock figure of merit = R' = a : (4-7) 


Mild thermal shock is caused by slow heating of a thin dome with high thermal 
conductivity. The difference between Eqns. (4-6) and (4-7) is the presence or absence of k, 
the thermal conductivity. 


Which figure of merit do we use? Aerothermal heating of missile domes involves 
the following range of parameters:!5 


Parameter in Eq. (4-5) Range Typical value 
t (m) 0.002-0.004 0.003 
h (Wim?'K) 400-8000 1000 
k (W/m:’K) 7-50 12 
B 0.01-5 0.25 


A Biot number of 0.25 puts us in the range of mild thermal shock, for which R’ is the 
appropriate figure of merit. In severe thermal shock, the rate of heating is so great that 
heat cannot spread through the material and thermal conductivity drops out of 
consideration. We will use the R’ figure of merit for much of our discussion. Recognize, 
however, that real systems can enter the severe thermal shock regime in which R is the 
appropriate figure of merit. Recognize also that one material can be in its mild thermal 
shock regime while another is in severe thermal shock under the same conditions because 
of its lower thermal conductivity. 


To understand "severe" and "mild" heating, consider a dome whose temperature is 
initially at Tinner wal]. Then the dome is suddenly exposed to an airstream at the 
temperature Tstagnation- Figure 4.10 is a schematic profile of the temperature inside the 
apex of the dome at the time of peak stress under laminar flow conditions.!8 "Severe 
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heating" is synonymous with a "thermally thick" dome, which is characterized by a 
"large" Biot number (8 > 1). "Mild heating" is synonymous with a "thermally thin" 
dome, which is characterized by a "small" Biot number (8 < 1). Under severe heating, the 
outside wall of the dome reaches the stagnation temperature, which ts the temperature of 
the air at the outside surface at the apex of the dome. In the case of severe heating, the 
outside of the dome warms up, but the inside remains at its initial temperature at the time 
of peak stress. Under mild heating conditions, there is time for heat to diffuse through 
the thickness of the dome before the outside wall reaches the stagnation temperature. The 
difference in temperature between the inner and outer surfaces at the time of peak stress is 
(Tstagnation ~ Tinner wall) x B, where B is the Biot number (Eq. 4-5). 


Severe heating = Mild heating = 
"thermally thick" dome “thermally thin" dome 
(B> 1) (B< 1) 
Outside _ Inside Outside _ Inside 
wall wall wall wall 
Tstagnation «-4e----ee-eJee, dane n eee fee 


Temperature 
T outer wall 


arf 


Tinner Wall «.4-.--0-6 RB = — — “aacdlaieiewalawue 





AT = Tstagnation- Tinner wall AT = (Tstagnation -.T inner wall) x B 


Fig. 4.10. Schematic temperature profile at the apex of a dome under "severe" or "mild" 
heating at peak stress under laminar flow conditions. !8 


Common experimental measures of thermal stress shock resistance are obtained by 
dropping hot objects into cold liquids and measuring the maximum temperature difference 
at which the material survives or the temperature difference at which the residual flexure 
strength of the material suddenly decreases.!9 A related test measures quench-induced 
crack extension of deliberately introduced indentation cracks.29 Testing methods that are 
more relevant to aerothermal heating of a missile dome involve heating the front surface 
of a ceramic disk very rapidly with a lamp or laser2!-23 or with hot air.24 Appropriate 
heating rates are several hundred degrees per second. 


4.3.1 Hasselman figures of merit 


The figure of merit for mild heating, R’ in Eq. (4-7), tells us that thermal shock 
resistance is favored by high strength, high thermal! conductivity, low thermal expansion 
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and low Young's modulus. Making a dome or window thinner also increases its thermal 
shock resistance. Table 4.2 gives thermal shock parameters for some infrared window 
materials. 


Table 4.2. Thermal shock parameters of infrared window materials 


Expansion Young's Thermal Poisson's Mean Figures 
coefficient modulus conductivity ratio Strength of merit 
a E k V S R' R 
Material ( 10-6 K-! ) (GPa) (W/m:K) (MPa) (mild)* (severe )* 
Midwave 
MgF> 10.4 142 14.7 0.27 125 0.9 0.06 
(hot pressed) 
Fused SiO 0.52 73 1.4 0.16 60 3.4 2.4 
MgO 10.5 249 59 0.18 200? =. 3.7 0.06 
Sapphire 5.3 344 36 0.27 300 4.3 0.12 
GaP? 5.3 103 110 0.31 110 15 0.14 
Y703 6.6 173 13.5 0.30 160 1.3 0.10 
La-doped Y703 6.6 170 5.3 0.30 160 0.5 0.10 
ALON 5.8 523 12.6 0.24 300 1.5 0.12 
Spinel 5.6 193 14.6 0.26 190 1.9 0.13 
Si 2.6 131 163 0.28 120 41 0.25 
SiC25 29 466 214 0.21 500? 82 0.39 
Si3N4 ~1.4 1662/7 33 23076 =~24—S ~0.74# 
AIN/ ~4,98 294 32078 0.26 = 225 37 0.12 
2-color (long wave + midwave) 
NaCl 40.0 40 6.5 0.25 10 0.03 0.005 
(hot forged) 
CaF 18.9 76 10 0.28 55 0.3 0.03 
(hot forged) | 
ZnS (standard) 7.0 74 19 0.29 100 2.6 0.14 
Zns 7.0 88 21 0.32 70 Zl 0.08 
(multispectral) 
Znse 7.6 70 16 0.28 50 1.1 0.03 
GaAs 5.7 83 55 0.31 100 8.0 0.15 
Ge 6.1 103 59 0.28 90 6.1 0.10 
Long wave 
Diamond (CVD) 0.8 1143 2000 0.07 200 410 0.20 





*Units of R’ are (10° Pa)(W/m:K)/(10-© K-1)(10? Pa) = 10° Win. 
Units of R are 10° K. 
*GaP has some long wave capability from 8-9 pm. 
*Assuming v = 0.25. 
SEstimated as (1/3)(20%q + Q@-), where Gg is the expansion coefficient parallel to the 
a-axis of the hexagonal crystal and a, is the expansion coefficient parallel to the c-axis. 
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Among the potential midwave (3-5 tm) transmitting materials in Table 4.2, sapphire 
has a high thermal shock figure of merit, R’, and gallium phosphide is outstanding. 
Silicon is excellent, but its upper temperature is limited to ~260°C by free carrier 
absorption (Fig. 1.30). Silicon carbide (Fig. 5.24), aluminum nitride and silicon nitride 
would be strong candidates for thermal shock applications, but none of these materials is 
commercially available in transparent form. Magnesium oxide might be similar to 
sapphire, but it is not commercially available in transparent form. 


Among 2-color (3-5 and 8-14 tum) materials, zinc sulfide and gallium arsenide are 
very good. However , gallium arsenide has an upper operating temperature limit of 
~460°C, which restricts its applicability. Germanium is excellent with respect to thermal 
shock, but cannot be used much above 100°C (Fig. 1.30). 


Diamond is in a class by itself, with 1 or 2 orders of magnitude of superior thermal 
shock resistance over available rivals. Inspection of Table 4.2 shows that the main 
reason for this is that the thermal conductivity of diamond is 2 orders of magnitude greater 
than that of common ceramics. The low expansion coefficient of diamond also 
contributes to its thermal shock resistance. Diamond requires more development before it 
is available in required sizes and shapes and at affordable prices. Diamond is oxidized 
(burned) in the air above 700°C, but can probably be protected up to 1000°C by 
oxidation-resistant coatings. Unlike other materials in Table 4.2, diamond has no 
midwave capability at elevated temperature because of emittance from the 2- and 3-phonon 
bands in Fig. 1.43. However, diamond would be suitable for shorter wavelength (e.g., 
2-2.5 am near infrared) atmospheric transmission windows in Fig. 0.2. 


The thermal shock figure of merit decreases for most materials at elevated 
temperature.!5»29 R’ changes because strength, thermal conductivity, expansion 
coefficient and Young's modulus all vary with temperature. Since missile flights attain 


high temperature rapidly, what is the appropriate temperature at which to evaluate the 
thermal shock figure of merit? 


Figure 4.11 shows the calculated temperature on the outside surface of a dome in a 
missile launch under a particular set of conditions. The stress on the dome reaches a 


Fig. 4.11. Calculated 
stress and outside surface 
temperature as a function of 
position on a dome during a 
tactical mussile launch. 
(Courtesy W. R. Compton, 
Naval Air Warfare Center.) 
An informative example of 
the measured and calculated 
thermal and mechanical 
response of a dome during a 
simulated high speed launch 
can be found in Ref. 28. 
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maximum approximately 1 cm from the nose of the dome, where the temperature is 
approximately 250°C. In a relatively high speed launch of a tactical missile, it is typical 
to have a maximum gradient of 100-200°C across a 2-3 mm dome thickness. In lower 
speed launches, the temperature gradient is smaller. Examination of numerous flight 
profiles shows that it is common for the temperature at maximum stress to come between 
25° and 500°C. The thermal shock figure of merit at 25°C in Table 4.2 probably provides 
an appropriate qualitative comparison of materials. 


Figure 4.12 shows the value of the thermal shock figure of merit, R’, required to 
survive instantaneous exposure to the atmosphere at a given speed and altitude. For 
example, the upper curve tells us that R’ = 2.3 is required to survive sudden exposure at 
Mach 4.5 at sea level. A value of R’ near 0.5 is all that is required to survive the same 
exposure at an altitude of 15 km (50,000 feet). No safety factor is built into the graph. 
Fig. 4.12 is only a first order prediction. There is no substitute for a careful finite 
element aerothermal stress analysis using the best available temperature-dependent data for 
the material to be employed. 


The wind tunnel in Fig. 4.13 allows the performance of a missile dome to be 
measured in a flight-like environment. Hot air is created by burning hydrogen in a high- 
speed stream of air. The temperature and air pressure at the surface of the dome are 
independent variables. After establishing the desired flow, a mounted dome can be rapidly 
inserted into the flow. Alternatively, a covered dome can be in the flow the whole time 
and the cover quickly removed when required flow conditions are attained. The inside 


‘Sea level : 


R' REQUIRED 





1 1.5 2 2.5 3 3.5 “ 4.5 5 5.5 6 
FLIGHT MACH NUMBER 


Fig. 4.12. Value of R’ (units = 107 W/m) required for a nose-mounted dome (outer 
radius = 3.6 cm, thickness = 0.35 cm) to survive instantaneous exposure to an air stream 
at a given speed and altitude in a standard day atmosphere, assuming that the dome is 
initially at 15°C. There is no safety factor built into the calculation. (Courtesy W. R. 
Compton, Naval Air Warfare Center.) 
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Fig. 4.13. Aerothermal/Infrared Test Facility at the Johns Hopkins University Applied 
Physics Laboratory, Laurel, MD.?! 


surface of a dome can be instrumented with strain gauges and thermocouples to measure 
strain and temperature as the dome is heated. Figure 4.14 shows the fracture pattern in a 
spinel dome that shattered from thermal shock in the wind tunnel. 


Fig. 4.14. Fracture 
pattern in spine] dome 
after exposure to a Mach 
4.6 airstream with a 
total pressure of 6.2 
MPa and ae total 
temperature of 1390 K. 





Can we actually predict the behavior of a missile dome under aerothermal heating? 
Figure 4.15 is a carefully selected case in which the answer is fairly close to "yes!" The 
graph shows the stress in a lanthana-doped yttria dome, as measured by strain gauges and 
calculated by finite element methods. The dome shattered from thermal shock at 1.09 s. 


Thermal Properties 139 


100 Fractography Fractography 
pone a) Dome 70-1 
‘a =n 
er ob. 
Se 60 
A Measured stress 
WK . 
S 40 (strain gauge) 
EN Predicted Dome 89-1 
"3 20 stress Hoop stress 


at 30° point 





0 
0.0 02 04 06 08 10 12 14 16 18 20 2.2 
TIME (s) 


Fig. 4.15. Comparison of measured (squares) and predicted (solid line) thermal stress 
in lanthana-doped yttria dome in hypersonic wind tunnel test. Measurements were made 
by strain gauges located 30° off axis inside of the dome. Circles show stresses estimated 
by fractography using Eq. (3-35) on two other domes run under similar conditions. 
(Courtesy W. R. Compton, Naval Air Warfare Center.) 


The agreement between the solid line and square data points in Fig. 4.15 is noteworthy. 
In addition, the remains of two other domes tested under similar conditions were examined 
to locate the fracture origins. The stress at failure was calculated with Eq. (3-35) from the 
size of the critical flaw and the known fracture toughness of the material. These 
experiments gave the two circle data points in Fig. 4.15, which are in remarkable 
agreement with the other results in the figure. Table 4.3 lists the heat flux required to 
break nose-mounted domes in wind tunnel tests at the facility in Fig. 4.13. 


Table 4.3. Wind tunnel heat flux capabilities of infrared dome materials?! 


Material Approximate survival limit for stagnation heat flux (W/cm?) 


Spinel 90 - 120 
Yttria 90 
Lanthana-doped yttria 90 
Aluminum oxynitride (ALON) 100 
Germania glass 45 
Zinc sulfide (standard grade) >200 
225" 
Sapphire >200 
400° 





“Calculated limit for 3.56-cm-radius dome with a base diameter of 6.56 cm 
instantaneously exposed to a Mach 4.6 flow with a total pressure of 6.3 MPa and a total 
temperature of 1194 K. 
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4.3.2 Klein figure of merit for minimum thickness dome 


If a dome is made thinner, less temperature difference builds up between the two 
surfaces during rapid heating and there is less thermal stress. Klein!8.32,33 has argued 
that domes should be made as thin as necessary to withstand aerodynamic pressures to 
obtain the maximum thermal shock resistance and, incidentally, the minimum infrared 
emittance. The higher the strength, S, of a material, the thinner it needs to be to 
withstand a given pressure. This notion leads to an alternative thermal shock figure of 
merit that applies to minimum-thickness domes:32,33 


Klein mild thermal shock figure of merit for B < 1 in Eq. (4-5): 


5/371. 
Minimum thickness domes: K' = ses (4-8) 


7 . ,_ S32 1-v)k 

Minimum thickness windows: K' = OE (4-9) 
in which Vv is Poisson's ratio, k is thermal conductivity, a is the expansion coefficient, 
and E is Young's modulus. The difference between Klein's and Hasselman's mild thermal 
shock figure of merit is the exponent on the strength term. Klein gives more weight to 
the strength because a stronger dome can be made thinner. For severe thermal shock, 
there is no dependence on the strength of the material and Klein's figure of merit is the 
same as Hasselman's Eq. (4-6). 


Klein's figure of merit shown in Fig. 4.16 ranks dome materials in a generally 
similar manner to Hasselman's figure of merit. Three of the best materials, silicon 
nitride, aluminum nitride and silicon carbide, are not available in infrared-transparent form 
at this time, and silicon with an upper limit of only ~260°C is not a serious candidate for 
high-temperature operation. Both figures of merit rank diamond at the head of the list, 
followed by gallium phosphide, gallium arsenide and sapphire. Gallium arsenide is 
restricted by its upper operating limit of ~460°C. 
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Fig. 4.16. Hasselman (R’) and Klein (K’) figures of merit for candidate infrared dome 
materials based on properties in Table 4.2. Note the logarithmic ordinate. 





1000 





® 
— 
£ 
Q 
a. 
© 


Spinel 


S 


Thermal Properties 141 


How thin are “minimum thickness" domes that can withstand the aerodynamic 
pressure of a missile flight? For the dome in Fig. 3.26 flying the medium altitude 
scenario in Table 3.5, which is quite stressing, Fig. 3.27 shows the maximum 
aerodynamic tensile stress as a function of dome thickness. Applying a safety factor of 4 
to the mean strengths of dome materials in Table 4.2, these are the required thicknesses 
for various materials: 


zinc sulfide - 5.1 mm spinel - 3.3 mm sapphire - 2.4 mm 
gallium phosphide - 4.8 mm diamond - 3.2 mm ALON - 2.4 mm 


To calculate the thickness of diamond, for example, we look up the strength in Table 4.2 
and find 200 MPa. With a safety factor of 4, the maximum stress should not exceed 50 
MPa. In Fig. 3.27, the thickness at 50 MPa is 3.2 mm. This is a crude calculation that 
makes no attempt to scale the strength for the area or volume under load and takes no 
account of any temperature dependence of the strength. 


4.3.3 Mach-altitude limits for a dome 


Suppose that the dome in Fig. 3.26 is initially at ambient temperature (the free- 
stream temperature) at a selected altitude. Then it instantaneously accelerates to a chosen 
Mach number at the same altitude. How fast can the dome fly without exceeding its 
thermal shock limits? For the remainder of this section, we assume that the thermal 
shock condition is "mild," which means that B < 1 in Fig. 4.10. 


Following the approach of Klein,!8 we first find the heat transfer coefficient, h st 


(W/m2-K), at the stagnation point, which is the nose of the dome where the greatest 
heating occurs under laminar flow conditions: 


1/2 0.1 
oo oo Qeoo i 
hs = 1.2Cp ~— Mec [1 x tue | (4-10) 


where Cp is the heat capacity of air, p.. is the density of air, [4.0 is the viscosity of air, 
Q2eo is the speed of sound, r is the radius of the dome in Fig. 3.26, M.. is the Mach 


number of the missile, and yis the heat capacity ratio of air (heat capacity at constant 
pressure / heat capacity at constant volume). Over the range of conditions that we will 
consider, Cp, = 1004 J/(kg-K) and y= 1.4. Air density, viscosity and the speed of sound 
are functions of altitude listed in Table 4.4. 


The heat flux into the dome at the stagnation point, Q;, (W/m2), is 

Ost = ht Tst- Tiw) = Ast (st - Too) (4-11) 
where Ts; is the stagnation temperature and 7; is the temperature of the inner wall of 
the dome, which is the initial temperature of the entire dome. We assume that Tj, is 


equal to the ambient temperature at the flight altitude, which is the free-stream 
temperature, T... The stagnation temperature is related to the free-stream temperature by 


Ts¢ = Too E + (5*)m.?} = [1 + 0.20M oo” | (4-12) 


With Ts; from Eq. (4-12), the difference (7; - T..) can be written to transform Eq. (4-11) 
in the following manner: 
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Table 4.4. Properties of the atmosphere* 


Altitude ‘Temperature Pressure Density Speedofsound Viscosity 

(km) (Teo; K) (Poo, Pa) (Poo, kg/m) (eo, M/S) (Heo, kg/[m°s]) 
“J 294.65 113.931x 103 © 1.3470 344.11 1.8206 x 10-> 
0 288.15  101.325x 102 1.2250 340.29 1.7894 x 10-5 
3 268.66 70.121 x 103 0.90925 328.58 1.6938 x 10-> 
5 255.68 54.048 x 103 0.73643 320.54 1.6282 x 10-5 
10 223.25 26.500 x 103 0.41351 299.53 1.4577 x 10°5 
15 216.65 12.112 x 103 0.19475 295.07 1.4216 x 10-5 
20 216.65 5.529 x 102 0.08891 295.07 1.4216 x 10-5 
25 221.55 2.549 x 10° 0.04008 298.39 1.4484 x 1075 
30 226.51 1.197 x 103 0.01841 301.71 1.4753 x 10-5 
40 250.35 0.2871 x 103 0.00400 317.19 1.6009 x 107° 
50 270.65 0.0798 x 103 0.00103 329.80 1.7037 x 1075 
60 255.77 0.0225 x 103 0.000306 320.61 1.6287 x 10-5 
70 219.70 0.00552 102 0.0000875 297.14 1.4389 x 10-5 
80 2180.65  0.00104x 103 0.0000200 269.44 1.216 x 10-5 
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*U.S. Standard Atmosphere, 1962 [American Institute of Physics Handbook, 3rd ed, 
McGraw-Hill, New York (1972)]. 


Ost = hst Too (*)m.2 = 0.20h 5; Too Moot . 


(4-13) 


Now the key postulate introduced by Klein,!8 based on experimental observations, is 
that the limiting allowed heat flux is 


R’ 


Qlim = 2 d 


(4-14) 


where R’ is the Hasselman thermal shock figure of merit in Eq. (4-7) and d is the 
thickness of the dome in Fig. 3.26. This condition is independent of the dome radius, the 
dome material, and the Mach number. Very roughly, we can think of Qj;,, as the heat 
flux that will induce failure at the 50% probability level. For our purposes, we take it 
that Qj;jm represents an approximate ultimate limit for the allowable heat flux. 


Equating the stagnation point heat flux in Eq. (4-13) with Qj;,, and using Eq. 
(4-10) for the heat transfer coefficient, we can write an equation to find the maximum 
allowed Mach number for a given altitude: 


Qhim = 0.20hs; Too M ox” 


1/2 0.1 
2R' _ Poo Hoo Oeo 2 2 
7 = (0203(1.2)Cp ( : ) Moo[1+0.20Me*] Too Meo 
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1/2 


0.1 
; oy.) 8.33R" ; 
Moo3[1+0.20Ma2] = 4C,T-.| a ae i (4-15) 


With Cp = 1004 J/(kg’K) and values of Teo, Poo, Hoo and Oo. from Table 4.4, the right 
side of Eq. (4-15) is known, so we can solve for the allowed Mach number on the left side 
by varying .. until the two sides of the equation are equal. 


Example: Maximum allowed Mach number. Let's find the maximum allowed Mach 
number for a zinc sulfide dome with a radius r = 50 mm = 0.050 m and thickness d= 5.1 
mm = 0.0051 m in Fig. 3.26 at an altitude of 3 km. We need to solve Eq. (4-15) with 
the following values from Table 4.4: T.. = 269 K, Poo = 0.909 kg/m3, ti. = 1.69x 10°75 
Kg/(mr's), oo = 329 m/s. You can verify that if all quantities are expressed in SI units, 
the right side of Eq. (4-15) 1s dimensionless. Noting that R‘ in Table 4.2 has the units 
10° W/m, the Hasselman figure of merit for ZnS is R'= 2.6 x 107 W/m. With all these 
numerical values, Eq. (4-15) becomes 


0.1 
3 2 _ CT| r 
1/2 


_ _8.33(2.6x 109) ¢ 0050 = 12.36 
~ (0,0051)(1004)(269) (0.909)(1.69 x i550) ae 


We retain extra digits for the right side of the equation to avoid roundoff error in solving 
for the Mach number. Now we can vary M.. on the left side of the equation (e.g., by 


using a spreadsheet) to find M.. = 3.52. 


1/2 


The maximum allowed Mach number of 3.52 in the preceding example is less than 
M.. = 4 that was used to find the dome thickness of 5.1 mm from Fig. 3.27. That is, it 
would be safe to use a thinner dome, which would allow a greater speed. If we guess a 
thickness of d = 3.5 mm in Eq. 4-15, we find an allowed Mach number of 3.97. A Mach 
number of 3.97 in Eq. (3-30) gives a pressure of 1.38 MPa across the dome, which 
requires a dome thickness of 5.1 mm in Eq. (3-29) if the maximum allowed tensile stress 
for ZnS is 1/4 of the mean strength (= 25 MPa). That is, d = 3.5 mm is too thin to 
withstand the pressure load. 


Continuing with successive trials, if we insert d = 4.0 mm in Eq. (4-15), we find an 
allowed Mach number of 3.81, which gives a pressure difference of 1.27 MPa, which 
requires a 4.8 mm dome thickness. Trying a thickness of 4.4 mm gives a Mach number 
of 3.69, which produces a pressure difference of 1.19 MPa, which requires a thickness of 
4.6 mm. Trying a thickness of 4.6 mm gives a Mach number of 3.65, which gives a 
pressure difference of 1.16 MPa, which requires a thickness of 4.5 mm. This iterative 
approach suggests that a dome thickness of 4.6 mm will allow a speed near Mach 3.65 at 
3 km altitude and be able to survive the pressure load. 
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Now we must verify that the mild thermal shock condition still holds because Eq. 
(4-14) was predicated on being in the mild thermal shock regime. With a Mach number 


of 3.65, Eq. (4-10) gives a heat transfer coefficient of hy; = 1590 W/(m*:K). The Biot 
number in Eq. (4-5) is therefore 


th 0.0046 mx 1590 W/(m2-K) 
SS ee 4-16 
ae 19 W/mK) nD) 


which is less than 1. We have verified that the thermal shock regime is mild. (Note that 
Eg. (4-5) uses ¢ for thickness and Fig. 3.26 uses d.) 


Example: Temperature difference at maximum stress. What is the temperature 
difference across the thickness of the nose of the dome at the time of maximum stress? In 
Fig. 4.10 we see that the temperature difference will be (Ts; - Tjy) x B. From Eq. (4-11) 
we can say that (Ts; - Tiw) = Qst/hs;. The quotient Q5)/hs; is available from Eq. 
(4-13): Og/Nst = 0.20T 2 Meo*. With To. = 269 K and Meo = 3.65, Og/hsy = 717 K. 
With a Biot number of 0.38, the temperature difference across the thickness of the dome 
is (0.38)(717) = 272 K. 


The equations given in this section are approximations that apply to mild thermal 
shock under laminar flow conditions. If the flow becomes turbulent as the air moves 
around the dome, heating at the skirt can be higher than heating at the nose. For actual 
design, there is no substitute for a full finite element analysis with temperature-dependent 
material properties for the dome and experimental measurements of strain and temperature 
to verify that the calculations are accurate. 


4.4 Aerodynamic domes 


The ability of a rocket engine to fly fast readily exceeds the ability of most infrared 
windows to survive thermal shock. Diamond is a notable exception which can probably 
withstand the thermal shock of any tactical missile flight because of the high thermal 
conductivity of diamond. Several approaches can be taken to promote window survival. 
The window could be actively cooled by blowing cold gas over the exposed surface. The 
mixing of cold gas with hot air creates density and refractive index fluctuations that might 
blur the scene being viewed. This effect is called aero-optic distortion. Another idea is to 
pass coolant through channels in the window, as in Fig. 2.15. Disadvantages of this 
scheme include blockage of the scene by the channels, wavefront distortion by 
temperature gradients in the window, reflections and diffraction from the channel walls, 
and emittance from the coolant. Any active cooling system adds weight, volume, and 
complexity to the system. 


We saw in Fig. 4.11 that the temperature on a dome falls rapidly as we move off the 
nose (if the flow remains laminar). One way to take advantage of this effect is to mount 
a flat infrared window on the rear portion of a structural dome, as in Fig. 4.17a. Such a 
window does not get very hot, but the field of view is quite limited compared to that of a 
nose-mounted hemispheric dome. An additional advantage of the slanted window is that 
its angle of attack is always far from perpendicular to the airstream, so it can survive 
impacts with raindrops and solid particles. 
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Fig. 4.17. Aerodynamic domes. 


The faceted dome in Fig. 4.17b is an 8-sided pyramid with spinel panes and a heat- 
resistant metal nose tip.34 The French Mistral missile has a similar dome with 
magnesium fluoride panes. The faces of the pyramid remain much cooler than the nose of 
a hemisphere. The aerodynamic design reduces drag and thereby increases range, speed, or 
payload. The biggest disadvantage of the design is multiple internal reflections of 
sunlight that lead to glint whenever the sun is in the forward hemisphere of view. 
Joining of the panes and overall cost are also significant considerations in this design. 


The aerospike/aerodisk in Fig. 4.17c reduces drag and deflects the bow shock from the 
hemispheric dome behind the spike.3> The collar created by the missile body that is 
wider than the dome prevents reattachment of the shock wave onto the dome at low angles 
of attack. Wind tunnel tests of the aerospike in Fig. 4.17c show that the shock wave 
reattaches to the dome at_angles of attack greater than 5°, as seen in Fig. 4.18. 
Reattachment generates higher temperatures and pressures on the side of the dome than 
would be found at the nose of the dome in the absence of a spike. 


4.5 Thermal stability of window materials 


Even if a window or dome is heated gradually so that thermal shock is not a concern, 
every material has an upper operating temperature above which it cannot be used. The 
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Hemispheric dome without aerospike Hemispheric dome with aerospike 
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Fig. 4.18. Schlieren patterns from Mach 6 wind tunnel tests of a hemispheric dome 
with or without an aerospike/aerodisk (shown in Fig. 4.17c).35 Arrows denote separation 
shock waves In the upper left photo, the shock wave hits the collar around the dome. In 
the upper right photo, the shock waves miss the dome. Some shock waves in the center 
right and lower right photos hit the dome directly. Schlieren patterns highlight regions of 
different density. [Courtesy L. D. Huebner, NASA. ] 
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temperature might be dictated by loss of strength or loss of optical transmission (giving 
increased emission) resulting from reversible physical changes (such as free carrier 
absorption in Section 1.10) or irreversible chemical changes. A material might be usable 
at a particular temperature for the short duration of a missile flight, but not usable for a 
longer period at the same temperature. Little data exist in the literature to establish upper 
operating temperatures for short duration exposure. 


We have already discussed a simple reversible physical change in which thermal 
population of the conduction band limits the transmission of semiconductors such as 
germanium (Fig. 1.28) or gallium arsenide at elevated temperature. An example of an 
irreversible chemical change is illustrated in Fig. 4.19 in which zinc sulfide windows 
were placed in a preheated oven with an atmosphere of air at each temperature for 5 
minutes.2? It was estimated that the samples attained the oven temperature for at least 3 
minutes in each experiment. After the heating, the samples were cooled to room 
temperature and their mass and transmission were measured. 


Expected chemical changes include oxidation and decomposition: 
Oxidation: ZnS(s) + 202(g) — ZnSOq(s) 
Decomposition: ZnS(s) — Zn(s) + S(g). 


Oxidation (which requires air) ought to occur at lower temperature than decomposition and 
results in a mass gain by the ZnS. Decomposition is expected to result in mass loss. 
While decomposition should reduce the transmission of the window, mild surface 
oxidation could increase or decrease the transmission. An increase will result from 
formation of a thin coating of lower refractive index ZnSO, on the higher refractive index 
ZnS window. A decrease will occur if a thick enough layer of ZnSO4 forms, since 
ZnSO, absorbs at 10 um. 


Figure 4.19 gives no evidence for oxidation in 5 minutes at temperatures below 
800°C. Note, however, that the transmission was measured after the sample was cooled 
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back to 25°C. We are certain that while the window is at 800°C, its transmission will be 
less than the transmission at 25°C (Fig. 1.24). The only way to know if zinc sulfide will 
be useful at 800°C is to measure its transmission at 800°C in an atmosphere 
representative of an operational atmosphere for a time representative of an operational 
time. Such experiments have rarely been done. In the case of zinc sulfide, oxidation- 
resistant coatings can protect the material from reaction with air at 1000°C for short 
periods of time. 


Oxides such as sapphire, spinel, ALON and yttria are stable at temperatures above 
1000°C. Substances whose anions are not oxide (such as zinc sulfide, gallium arsenide 
and gallium phosphide) are less stable, with upper operating limits below 1000°C. For 
long term use (days or years instead of seconds or minutes), much lower operating 
temperature limits are recommended. For example, zinc sulfide is considered safe for 
indefinite use at 450°C and zinc selenide is considered safe at 350°C. 
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Chapter 5 


FABRICATION OF INFRARED 
MATERIALS 


Although some infrared-transmitting materials are found in nature, all practical bulk 
materials for windows and domes are synthetic. This chapter outlines the principal 
methods of fabrication and should familiarize you with some terminology of ceramics. 
Our discussion should give you an idea of how some of the properties of infrared 
materials can be modified through the fabrication process. 


5.1 Classes of infrared materials 


Bulk infrared window materials are either single crystals, polycrystalline, or glasses. 
Some examples of each are given in Table 5.1. In a perfect crystal, all of the atoms are 


Table 5.1. Classes of bulk infrared materials 


Class of material Examples 
Single-crystal Sapphire (Al203), Si, Ge, GaAs, CaF, LiF, KBr, NaCl 
Polycrystalline Hot pressed: MgF> and other Irtran®* materials 
Hot isostatically pressed: Y203 
Hot pressed and hot isostatically pressed: Spinel (MgAl204) 
Sintered: ALON (9Al203°5AIN), lanthana-doped yttria 
Chemical vapor deposited: ZnS, ZnSe, diamond, Si, SiC 
Melt growth with cm-size grains: Si, Ge, GaAs, GaP 
Glass Midwave materials (3-5 Lum) 
Calcium aluminate (43%CaO-47%Al1203-10%BaO) 
Germanate (33%GeO02-37%AI703-20%CaO0-5%BaO-5% ZnO) 
Fluoride! (ZrF4/HfF4/BaF>) 
Fused silica (Si02) 
Long wave materials* (8-12 um) 
Chalcogenides (S, Se, Te + other elements) 
AMTIR-1®1 (Ge33As12Se55) 
Arsenic trisulfide? (As2S3) 
Chalcogenide halide* (Te>Se3IAsq) 


“Irtran is a trademark for materials formerly manufactured by Eastman Kodak. The 
compositions are Irtran 1 =. MgF9, Irtran 2, = ZnS, Irtran 3 = CaFo, Irtran 4 = ZnSe, 
Irtran 5 = MgO and Irtran 6 = CdTe. 


TAMTIR is a trademark of Amorphous Materials, Inc. 
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Fig. 5.1. Structure of 
a-quartz, SiO. Each 
silicon atom (dark 
sphere) is bound to four 
oxygen atoms (light 
spheres), and each 
oxygen atom is attached 
to two silicon atoms. 





aligned in a regular manner. Figure 5.1 shows the structure of quartz (SiO7), which is a 
repeating arrangement of SiO4 tetrahedra. Every silicon atom is attached to four oxygen 
atoms, and every oxygen atom is attached to two silicon atoms. The black lines outline 
two unit cells. The arrangement of atoms within each unit cell is identical throughout 
the crystal. 


In a glass such as fused silica, which also has the formula SiOz, there is no regular 
arrangement of atoms. Every silicon atom still has four tetrahedrally arranged oxygen 
neighbors, and each oxygen atom is attached to two silicon atoms. However, the 
attachment of one tetrahedron to another twists and turns so that the structure does not 
repeat itself from one region to another. We call such a material amorphous, because it 
has no crystalline form. We know that the structure of fused silica is more open than that 
of quartz (i.e., it has more empty space), because the density of fused silica is 
approximately 2.2 g/mL, while the density of o-quartz is 2.655 g/mL. 


A polycrystalline material is made up of randomly oriented crystals, called grains. 
The box in Section 1.2.2 shows a network of grains in polycrystalline yttria. Figure 5.2 
is a greatly magnified view of grain boundaries in silicon nitride (B-Si3N4). At the left, 
two grains with different crystalline orientation touch each other directly. At the ri ight, 
there is a 1.1-nm-thick layer of amorphous (noncrystalline) material at the grain 
boundary. The amorphous material could be Si3N4 or it might be another material. 
Crystals tend to exclude foreign atoms that do not belong in the crystal, SO impurities 
tend to aggregate at grain boundaries. The grain boundaries in yttria in the box in Section 
1.2.2 are rich in silica, which is an impurity in the Y203 powder from which the ceramic 
was made. The thickness and composition of the grain boundary may affect strength, 
since grain boundaries are the ' ‘glue" holding the material together. Grain boundaries can 
also affect thermal conductivity, since heat does not flow across the boundaries at the 
same rate as it flows within each crystallite. Grain sizes in polycrystalline materials 
typically range from tenths to hundreds of micrometers. 


152 Materials for Infrared Windows and Domes 






Grain Fig. 5.2. 
boundary Transmission 
| electron micro- 
ba graphs showing 


1.1mm grain boundaries 


/ X in B-Si3zNq.> 


Amorphous 
phase at 
grain 
boundary 





No grain boundary phase Grain boundary phase 


Single-crystal infrared optical materials in Table 5.1 include sapphire, germanium and 
gallium arsenide. While these can be produced as true single crystals, they sometimes 
contain centimeter-sized grains. The properties of materials with such a large grain size 
tend to be the same as those of single crystals, which are different from those of 
polycrystalline materials. Single crystals tend to have lower optical scatter (Table 5.2) 
and lower absorption than polycrystalline materials. 


Polycrystalline materials in Table 5.1 include such common windows as magnesium 
fluoride and zinc sulfide. Polycrystalline materials are usually cheaper than single crystals 
of the same material and tend to be tougher and stronger. Foreign material at the grain 
boundaries with a refractive index different from that of the grains scatters light (diverting 
the light from its original path). Other sources of scatter in polycrystalline materials are 
the presence of multiple phases (such as cubic and hexagonal ZnS) and birefringent grains 
(MgF>, Section 1.2.1). 


Glasses are easiest to fabricate because they are made simply by melting elements or 
compounds together. They can be made in large shapes with good optical quality and 
uniformity. Unfortunately, glasses have inferior mechanical properties compared to many 
polycrystalline and single-crystal materials, and are of little use in external domes and 


Table 5.2. Optical scattering 


i 
Class of material Typical infrared scatter 
Single-crystal 10°*% 
Glass 10°1% 
Polycrystalline 10°! - 101% 
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windows for which durability is a criterion. Glasses tend to be susceptible to erosion by 
rain and particles and have low strength, poor resistance to thermal shock and low melting 
temperatures. Calcium aluminate is one of the few glasses used as an external window. 


5.1.1 Glass-ceramics 


Before leaving the subject of glass, mention should be made of glass-ceramics,® 
which are made by heating a glass to a temperature at which it begins to crystallize. A 
glass-ceramic contains crystalline grains embedded in the residual glass matrix. 
Depending on the time and temperature, the material could be nearly all crystalline. 


One notable glass-ceramic is Zerodur®, a commercial material from Schott 
Glaswerke (Mainz, Germany) with near-zero expansion coefficient near 300 K (Fig. 5.3). 
The mean expansion coefficient from 20 to 300°C is 0.05 (+0.10) x 10° K-! and from 
-180 to 20°C it is -0.16 (40.10) x 10° K-!, Zerodur contains 70 - 78 wt% crystalline 
SiO? with a negative expansion coefficient embedded in a glass phase with a positive 
expansion coefficient. The mean crystallite size is ~5O nm. Visible transmission is 
~90%, but the mid-infrared region is obscured by a strong OH absorption near 3 «1m and a 
cutoff at 4 um (Fig. 5.4). The infrared transmission can be substantially improved by a 
proprietary dehydration process that removes OH absorption. / 
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The infrared transmission of a germanate glass-ceramic derived from barium gallo- 
germanate glass (20Ba0°10Ga203°70GeO 2) is shown in Fig. 5.5.3 The glass has 
excellent visible transmission, but the visible transmission in the glass-ceramic is limited 
by optical scatter from the 0.2- to 0.5-um-diameter crystallites. Table 5.3 shows the 
improvement in physical properties upon transforming the glass into a glass-ceramic. 
Fig. 5.6 shows that replacing oxide by sulfide or selenide in the glass moves the infrared 
cutoff to a longer wavelength. 
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Fig. 5.5. Comparison of optical 
transmittance of barium gallo-germanate 
(BGGO) glass and BGGO glass- 
ceramic.8 OH absorption near 3 um 
can be decreased by physical and 
chemical treatments to reduce the water 


Fig. 5.6. Substitution of sulfur (S) 
or selenium (Se) for oxygen (O) in 
barium gallo-germanate (BGGO) glass 
pushes the infrared cutoff into the long 
wave region.® Section 1.11 explains 
why heavier atoms move the infrared 


content. cutoff to a longer wavelength. 


Table 5.3. Properties of barium gallo-germanate glass and glass-ceramic® 


Property BGGO glass BGGO glass-ceramic 
Hardness (kg/mm) 400 560 
Young's modulus (GPa) 70 120 
Strength (MPa) 60 130 
Fracture toughness (MPaVm) 0.7 1.5 
Rain damage threshold velocity (m/s) ~186 335 
(single water jet impact) 
Thermal expansion coefficient (ppm/K) 7.6 5.9 
Thermal conductivity (W/(m’K)) 0.7 0.72 





Glasses can be toughened by intentionally incorporating second phases with shapes 
such as fibers or platelets that divert cracks and make it harder for a fracture to propagate.? 
It is difficult to make a transparent composite material because the refractive indexes of 
the two phases must be matched. Calcium aluminate glass is strengthened by a factor of 
3 and its rain erosion rate (measure by loss in transmission) slowed by a factor of 4 by 
controlled heating to crystallize the outer 50-100 um of the bulk material.!9 
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5.2 Fabrication of polycrystalline materials by powder processing 


Figure 5.7 compares costs of the steps in fabricating single-crystal sapphire with the 
costs of fabricating three less expensive polycrystalline materials.11 Magnesium 
fluoride, ALON (aluminum oxynitride)!2 and yttria are made by powder consolidation 
processes, whereas sapphire is grown from a melt. Sapphire is superior to the other three 
materials in Fig. 5.7 in many respects, including greater erosion and thermal shock 
resistance, greater strength and lower optical scatter. High cost limited its use in the past, 
but sapphire is now the material of choice for the most demanding systems. 


We see in Fig. 5.7 that the costs of raw materials, blank fabrication (making an 
unpolished bulk material) and polishing are all greater for sapphire than for the other 
materials. Crystal growth to make a blank is more expensive than powder consolidation 
for most materials. The same physical characteristics that give sapphire its exceptional 
durability also make it difficult and expensive to polish. An additional problem in 
polishing a sapphire dome is that it is mechanically anisotropic — some crystal 
directions polish more rapidly than others, making it difficult to achieve a perfect 
hemispheric shape. In the remainder of this section we explore the various steps in 
fabricating a window or dome by powder processing technology. 


Raw materials 


Blank fabrication Fig. 5.7. Estimated 
relative costs of fab- 
rication of some mid- 
wave infrared window 
materials.!1 
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5.2.1 Yttria: an example of dome fabrication from a powder 


The fabrication of yttria domes!> begins with the purest commercially available 
grade of yttrium oxide powder, containing 99.99% Y203. Variation in the impurities in 
commercial powder is a vexing and costly problem. The grain boundaries of the material 
shown in the box in Section 1.2.2 are highlighted by a silica impurity from the starting 
powder that contained just 130 ppm silicon. Previous and subsequent shipments of 
powder from the same vendor did not contain so much silica and did not give rise to the 
distinct grain boundary phase. Needless to say, the appearance of the grain boundary 
phase was a costly problem for the ceramists using the powder. 
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The starting yttria powder typically has a particle size of 1-3 um, but contains some 
clumps of particles (agglomerates) that prevent uniform filling of a mold. 
Deagglomeration is accomplished by preparing a slurry (a mixture of powder and liquid) 
in methanol and milling in a polyethylene or rubber-lined jar for 5-24 h using pellets of 
Y203 as the grinding medium. In the milling process, the jar is slowly rotated so that 
the grinding medium rolls over the powder and breaks it up into finer particles. Other 
ceramics such as ZrO can be used as the grinding medium, but this could introduce ZrO7 
impurity into the Y2O3 powder. The slurry is finally poured through a 400 mesh sieve 
to remove remaining agglomerates, and then contains 1-2 tm diameter Y703 particles. 


To prepare the milled particles for further use, an organic binder (polyvinyl 
pyrrolidone) and a dispersant (acetic acid) are added, and the slurry is passed through an 
ultrasonic horn for further deagglomeration. The slurry then enters a spray drier in which 
solvent is removed as the particles are sprayed through a hot zone. 


We are now ready for cold isostatic pressing. The powder is poured into the 
hemispheric mold in Fig. 5.8, which is then evacuated and sealed. A uniform (isostatic) 
pressure of 180 MPa is applied by gas pressure at 25°C to compact the powder into a very 
porous green body. (Ceramists refer to a compacted body that has not been heated as a 
green body.) Binder burnout is then accomplished by heating the green body in the air at 
1400°C for 90 minutes. At this point the ceramic is about 75% as dense as fully dense 
yttria and the dimensions have shrunk by 10% from those of the green body. 
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Next comes sintering, which involves heating at a high enough temperature to 
promote growth and coalescence of the grains (Fig. 5.9). To accomplish this, the ceramic 
is placed in an yttria enclosure inside a tungsten furnace and heated at 1700-1900°C for an 
hour to reach 95% density. The resulting body has closed porosity, in which most of the 
remaining pores have no connection to the outside of the ceramic. 


Sintering is carried out inside an yttria enclosure to minimize the change in 
stoichiometry (chemical composition) of the ceramic that is being sintered. When a 
tungsten furnace is used alone, there is some loss of oxygen (giving the formula Y203_,) 
and also some surface contamination with tungsten. A graphite furnace is worse, since 
graphite reacts readily with oxygen and reduces the oxygen content even further away from 
the composition Y203. The yttria enclosure maintains an approximately correct vapor 


pressure of oxygen in the atmosphere around the piece being fired to prevent gross 
departure from the stoichiometry Y703. 
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Fig. 5.9. Grain growth during sintering of Y203.!4 Scanning electron micrographs 
show surfaces that have been polished and etched with concentrated sulfuric acid to 
highlight the grain structure. (Photographs courtesy M. Akinc, Iowa State University.) 


Once closed porosity is reached, final densification to 99.9+% of theoretical density 
can be achieved by hot isostatic pressing (HIPing) inside an yttria enclosure at 1700- 
1900°C for 5-10 h using argon gas to apply a uniform pressure of 180 MPa. Pressure 
applied to the ceramic body causes collapse to full density. Closed porosity is a pre- 
requisite condition, or else the argon gas would penetrate the network of open pores and 
exert pressure from inside the body as well as from outside. The pores must migrate to 
the surface and release their gaseous content during hot isostatic pressing. The voids left 
behind are filled by the same atomic migration that occurs in the sintering step. 


The fully dense, hot isostatically pressed ceramic is generally dark in appearance and 
is slightly deficient in oxygen. The correct stoichiometry is restored by annealing in air 
at 1450-1800°C for 30-60 minutes to produce a milky white ceramic body. This is the 
dome blank that must be ground and polished to produce a finished product. 
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Fig. 5.10. Optically 
polished surface of yttria, 
showing the boundary of a 
large grain. Tiny pinholes 
occur where pores left 
from incomplete densifi- 
Cation intersect the surface. 
(Photo courtesy Marian 
Hills, Naval Air Warfare 
Center.) 





Figure 5.10 shows the polished surface of an optical quality yttria disk. One large 
grain and many tiny pinholes are visible. The pinholes exist where pores that are left 
from incomplete densification (sintering and hot isostatic pressing) intersect the surface of 
the disk. 


Figure 5.11 shows the appearance of material after each step in the fabrication of an 
ALON dome, which is also produced by powder processing. One of the potential 
applications of ALON 1s in bulletproof windows, as shown in Fig. 5.12. 





Fig. 5.11. Stages in ALON dome fabrication. Aluminum oxynitride powder is pressed 
into a green body shown at the left. Sintering produces the dome blank at top center, 
which is ground and polished into a finished dome at the right. (Courtesy Raytheon Co.) 
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Fig. 5.12. Bullet 
impact damage in 
3-ply ALON laminate 
(left) and commercial 
5-ply glass laminate 
(right). (Courtesy 
Raytheon Co.) 





5.2.2 Methods of densifying ceramics: 
sintering, hot pressing and hot isostatic pressing 


Sintering involves the application of heat to cause the coalescence and growth of 
ceramic particles (Fig. 5.9). Large particles grow at the expense of small particles 
because the energy of atoms on the surface of a particle is greater than the energy in the 
interior. Since a large particle has a greater volume-to-surface ratio than does a smail 
particle, the large particle is favored. Given sufficient thermal energy, atoms migrate 
along surfaces and through the vapor so that large particles grow at the expense of small 
particles. The thermodynamic driving force for elimination of pores is the higher energy 
of an atom at a solid/gas interface than at a solid/solid interface. 


Optical ceramics must be fully dense, because pores scatter light. Figure 5.13 shows 
the rate of densification of yttria powder at three different sintering temperatures.!4 The 
greater the temperature, the greater the rate of increase in density. Figure 5.14 shows that 
the grain size increases at all three temperatures as full density is approached.!4 Sintering 
toward full density usually produces very large grain sizes. Since strength and fracture 
toughness may decrease with increasing grain size (Section 3.8.1), sintering to full 
density may not be desirable from the standpoint of mechanical properties. 


Sintering aids are substances added to ceramic powders to facilitate the sintering 
process. Lanthana (La2O3) is a very special example of a sintering aid that allows yttria 
(Y203) to be sintered to full density without excessive grain growth.!5 Yttria containing 
9 mole percent lanthana forms a solid solution with a cubic crystal structure. Above 
approximately 2050°C, cubic and hexagonal solid solutions coexist in equilibrium. 
When particles of the cubic solid solution are sintered at 2170°C, small particles of 
hexagonal phase form on the surface of particles of the cubic phase. The ceramic slowly 
sinters to full density as pores diffuse out, but the grains do not grow to large sizes. 
Apparently the long diffusion path for atoms moving from cubic grain to cubic grain 
around the hexagonal grains prevents grain growth. 
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After sintering to full density at 2170°C, the lanthana-doped yttria is a poor optical 
material that scatters a great deal of light because it is a mixture of cubic and hexagonal 
grains with different refractive indexes. By annealing (holding at a constant temperature) 
for several hours at 1920°C, at which temperature only the cubic phase is thermo- 
dynamically stable, the hexagonal particles grow back into the cubic particles. Grain 
growth of the cubic particles at 1920°C is substantial, but not nearly as great as it would 
have been during sintering to full density in the absence of hexagonal phase. Figure 5.15 
shows these effects. By varying the annealing time, it is possible to control the extent of 
conversion of hexagonal phase back to cubic phase. By allowing a small amount of 
hexagonal phase to remain, it is possible to trade off optical transmission and fracture 
toughness, since the presence of second phase makes the material tougher. !® 


The effect of lanthana on yttria is to allow sintering to a fully dense optical material 
with moderate grain size. In the absence of lanthana, hot isostatic pressing is required to 
fully densify the material, and grains grow to a larger size. Sintering is more economical 
and easier to scale up than hot isostatic pressing. The strength of lanthana-doped yttria is 
slightly greater than that of undoped yttria, and, as noted above, fracture toughness can be 
increased in the lanthana-doped material at some expense in transmission. Changing the 
chemical composition from pure yttria to 9 mole percent lanthana in yttria significantly 
decreases thermal conductivity (Fig. 4.7). 


In hot pressing, both pressure and heat are applied to densify a ceramic. Pressure 
increases the rate of densification and allows a particular density to be reached without as 
much grain growth as would occur in reaching the same density by sintering. Figure 
5.16 shows a typical example of uniaxial hot pressing, in which pressure is applied along 
one direction to a powder contained in a graphite or refractory metal die inside a furnace. 
A pressure of 300 MPa can be applied in a graphite die. Magnesium fluoride and all of 
the formerly manufactured Kodak Irtran® materials are hot pressed. 
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Fig. 5.15. Microstructure of lanthana-doped yttria after (/eft) sintering for 6 h at 
2170°C and (right) subsequent annealing for 5 h at 1920°C. Surfaces were polished and 
then etched with boiling 20% HCI to highlight the grains. !> 


In hot isostatic pressing, a pressure of 10-1000 MPa is applied by argon gas equally 
in all directions to the sample that may be as hot as 3000°C. As in hot pressing, this 
permits densification with less grain growth than would occur in simple sintering. 
Figure 5.16 shows one type of hot isostatic pressing in which an unconsolidated powder 
is sealed in a glass or metal container. The glass melts and the metal is crushed during 
hot isostatic pressing, but both retain their contents. A significant problem with glass is 
removing it from the ceramic after consolidation. Typically, the molten glass mixes 
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HOT PRESSING HOT ISOSTATIC PRESSING 
(Uniaxial pressure from (High pressure gas exerts the 
hydraulic press) same pressure in all directions) 


Fig. 5.16. Schematic diagrams illustrating hot pressing and hot isostatic pressing. 
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intimately with the outer part of the ceramic before densification is complete. Another 
serious problem is the mismatch of thermal expansion between the glass and ceramic, 
which may lead to cracking of the ceramic during cool down. Still another problem is 
chemical reaction between the container and the ceramic powder at elevated temperature. 


In the fabrication of undoped yttria described in Section 5.2.1, the powder was first 
sintered to closed porosity. It could then be hot isostatically pressed without 
encapsulation, because the high pressure argon could not penetrate to the interior of the 
ceramic through a network of connected pores. Hot isostatic pressing of a body with 
closed porosity is a convenient and clean procedure that eliminates problems associated 
with the container. 


5.2.3 Annealing 


Annealing involves holding a material at a particular temperature in a particular 
atmosphere to effect a change in physical or chemical properties. In Section 5.2.1 we 
saw that undoped yttria is annealed in air at 1450-1800°C to restore the oxygen content 
that is depleted during hot isostatic pressing. Figure 5.17 shows an example in which 
lanthana-doped yttria was annealed at 1400°C under argon containing 2 x 10° atm O3 to 
remove the hydroxyl (OH) impurity in the ceramic.!7 This treatment nearly eliminates 
absorption at 3000 cm™! (3.3 um) that would otherwise seriously interfere with the 
performance of the material as a midwave infrared window. 





Fig. 5.17. Effect of annealing 
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Annealing can reduce stress left from polishing ceramics to an optical quality finish 
and can heal the microscopic cracks left from polishing (Section 5.5). Microscopic 
scratches left in the surface can serve as fracture origins (Section 3.3) and thereby reduce 
the strength of the material. Annealing at a sufficiently high temperature allows 
recrystallization of the damaged surface and smoothing of the microscopic flaws by 
mobile atoms that migrate to reduce the exposed surface. 
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In one study,!® ten disks of lanthana-doped yttria were polished and then annealed at 
1000°C for 1 h. Their average strength was 123 + 19 MPa. Another set of ten 
identically prepared disks was annealed at 1200°C for 1 h and had an average strength of 
192 + 32 MPa. Apparently, 1000°C is not sufficient for healing of the surface damage, 
but 1200°C is sufficient. The strength increased by more than 50% from annealing. 


5.3. Chemical vapor deposition 


Chemical vapor deposition (CVD) is a process in which gaseous reactants are passed 
over a hot substrate on which they decompose to produce a solid product. Figure 5.18 
shows a rough gallium phosphide deposit and a transparent, polished plate produced from 
it.!9 While CVD optical materials are polycrystalline, single-crystal electronic materials 
can be grown by chemical vapor deposition on single-crystal substrates. 


5.3.1 Zinc sulfide and zinc selenide 


Zinc sulfide and zinc selenide are, by far, the most important infrared optical 
materials produced by chemical vapor deposition. Figure 5.19 shows an industrial reactor 
in which ZnS or ZnSe is grown over areas up to 1 m2 and thicknesses up to 3 cm at rates 
of 60 pum/h from zinc vapor and either hydrogen sulfide or hydrogen selenide gas20: 


Zn(g) + H2S(g) > ZnS(s) + H2(g) (at 630-730°C) (5-1) 
Zn(g) + H2Se(g) — ZnSe(s) + H(g) (at 730-825°C). (5-2) 


Gases are injected as 10-25% mixtures with argon at pressures of 20-60 torr. Control of 
flow patterns is critical to uniform growth. Deposition takes place on large, flat graphite 
surfaces or in as many as 200 graphite wells that give dome-shaped blanks. 





Fig. 5.18. Gallium phosphide produced by chemical vapor deposition. The 1-mm- 
thick piece at the bottom shows the rough appearance of as-grown material, while the 
upper piece has been polished to transparency. (Courtesy Raytheon Co.) 
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Fig. 5.19. Left: Diagram of chemical vapor deposition reactor for producing ZnS and 
ZnSe. Right: Industrial reactor suspended above its operator. The center portion is 
lowered from the furnace to unload product. (Courtesy Morton International.) 


The grain size of CVD ZnS depends mainly on deposition temperature and varies 
from 0.6 [um at 500°C to 850 um at 1000°C.2! Fracture toughness increases slightly as 
the grain size increases from 0.6 to approximately 20 um, and then decreases at larger 
grain size.*!,22 Hardness decreases somewhat as grain size increases up to 20 Um, and 
thereafter remains fairly constant. "Standard grade" commercial ZnS has a grain size in 
the 2-8 [um range. 


The standard grade CVD ZnS (also called "FLIR grade" for forward looking infrared 
military sensors) has a dark yellow to amber to red color, is a poor visible transmitter, 
and has a medium intensity infrared absorption near 6 um (Fig. 5.20). It has significant 
short wavelength infrared and visible scatter because it is a mixture of cubic and 
hexagonal crystal phases? with slightly different refractive indexes.24 The 6 um 
absorption band is thought to arise from a zinc hydride species associated with a sulfur 
vacancy, which also gives rise to the visible color and is correlated with the degree of 
optical scatter.2> Post-deposition hot isostatic pressing converts standard grade ZnS into 
transparent, colorless multispectral ZnS (also called Cleartran® or water-clear grade, Fig. 


5.20). Hydrogen is lost from the crystal, the Zn:S stoichiometry is restored, and 
hexagonal grains are converted to the cubic crystal structure during hot isostatic pressing. 


Grain size increases from 2-8 {tm up to 20-200 um. 
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Fig. 5.20. Infrared and visible transmission of standard (6.0 mm thick), multispectral 
(5.2 mm thick) and elemental (4.5 mm thick) ZnS. Total integrated scatter collected 
between 2.5° and 70° from normal is listed below: 


3.39 Um 3.39 um 10.59 um 10.59 Um 
ZnS grade Forward scatter Backward scatter Forward scatter Backward scatter 
Standard 8.3% 2.0% 0.4% 0.2% 
Multispectral 0.3% 0.07% 0.1% 0.03% 
Elemental 1.2% -_- 0.09% -- 





Figure 5.20 also shows the transmission of "elemental" zinc sulfide, which is grown 
at Raytheon by a CVD process that begins with elemental sulfur, rather than gaseous 
H2S. Elemental ZnS is a transparent, light yellow material with strength and hardness 
similar to that of standard ZnS, but optical transmission similar to that of multispectral 
ZnS in the midwave infrared region. The rain erosion performance of elemental ZnS is 
also similar to that of standard ZnS. Table 5.3 compares the properties of all three 
varieties of ZnS. 


Zinc selenide is the other major infrared window material produced by chemical vapor 
deposition. Its infrared optical quality is superior to that of any grade of ZnS (Fig. 
1.18d), but ZnSe is weaker and softer than ZnS (Table 5.3). ZnSe is an excellent infrared 
laser window material (for which very low absorption is critical), but it is not durable 
enough for external use. Perhaps a very durable coating would render ZnSe usable for low 
speed applications. A hybrid material which goes by such trade names as Tuftran® 
consists of bulk ZnSe with a 1-mm-thick.layer of ZnS deposited on the outer surface for 
increased erosion resistance. Spectra of ZnSe and Tuftran are displayed in Figs. 5.21 and 
5.22. ZnSe can be grown to sizes of more than 1 m, as illustrated in Fig. 5.23. 


A hot pressed composite material made from 0.5 um ZnS powder and 0.01-1 um 
diamond powder was fabricated in an attempt to obtain enhanced mechanical properties.27 
The long wave transmission was within ~5% of ZnS. With 10 wt % diamond, the 


166 Materials for Infrared Windows and Domes 


Table 5.3. Comparison of ZnS and ZnSe properties” 


Standard Multispectral Elemental 


Property Zns Zns Zns ZnSe 
Absorption coefficient at 10.6 ym (cm!) 0.2 0.2 = 0.003 
Knoop hardness (kg/mm) 250 160 215 105 
Strength at 20°C (MPa) 103 69 ~100 5217 
Strength at 260°C (MPa) 124 -- a 72 
Young's modulus (GPa) 74 88 — 70 
Poisson's ratio 0.29 0.28 ~ 0.28 
Density (g/mL) 4.09 4.09 4.09 5.27 
Thermal conductivity [W/(m:K)] 17 27 19 18 
Heat capacity [(J/(g°K)] 0.49 0.46 0.52 0.34 
Expansion coefficient (10° K-!) 6.6 6.3 - 7.1 
Refractive index (n) at 10.6 um 2.19 2.19% a 2.40* 
Refractive index (n) at 0.6 um 2.36 2.36% ~ 2.614 
dn/aT at 10.6 um (10° K-!) 4.1 - _ 6.1 
dn/dT at0.6 um (10° K7!) ve 5.4 10.7 
Dielectric constant (microwave) 8.35 8.39 - 8.98 
Loss tangent (microwave) 0.0024 - _ 0.0017 


*Extracted from manufacturers’ catalogs, which do not give identical values for all 
properties. Data for elemental ZnS from Raytheon are considered "preliminary." This 
material is still under development. 

tThe dependence of ZnSe strength on grain size is shown in Fig. 3.34. 

*The inhomogeneity in refractive index of multispectral ZnS and ZnSe is ~2 x 10-6,26 
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Fig. 5.21. Infrared spectra of ZnSe and Tuftran,® which is ZnSe with a thin outer 
cladding of ZnS. (Data from Morton International.) 
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Fig. 5.22. Visible and near-infrared spectra of ZnSe and Tuftran.® (Data from Morton 
International.) 


Fig. 5.23. Largest known 
© ZnSe window manufactured 
~~ for a cryo-vacuum chamber. 

(Courtesy Raytheon Danbury 
~ Optical Systems.) 





fracture toughness of ZnS was doubled, but the hardness and yield strength were 
unchanged. The single-impact waterjet damage threshold velocity (Chapter 7) increased 
from 170 to 280 m/s, but the multiple impact oo ene) damage threshold velocity was 
within 10% of the 130 m/s observed for pure ZnS.28 


In another attempt to improve the mechanical properties of zinc sulfide, a powder 
containing a solid solution of ZnS and GaP was hot pressed to 99% of theoretical 
density.2? With 21 wt% GaP, the hardness increased from 1.4 to 2.7 GPa and the 


fracture toughness increased from 0.57 to 0.89 MPaV m. 
5.3.2 Silicon carbide and silicon nitride 
Silicon carbide is a potentially highly thermal-shock-resistant material (Table 4.2, 


Fig. 4.16) that has been made in transparent form on an experimental basis by chemical 
vapor deposition from methyltrichlorosilane (CH3CCI3) in the presence of excess H» and 
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Fig. 5.24. ‘Transmission spectrum of transparent CVD cubic -silicon carbide (0.25 
mm thick).3! 


HCI at ~1400°C.39-31 The transmission spectrum in Fig. 5.24 shows weak absorption 
bands in the 4-5 jm region and a peak transmittance of about 66% at 2.3 um in this very 
thin specimen. 





Example: Estimating the absorption coefficient from the transmission spectrum. 
Let's estimate the absorption coefficient of silicon carbide at 4 um from the measured 
transmittance of 60% in Fig. 5.24. We need to know the theoretical transmittance for 
nonabsorbing SiC at this wavelength, which we can calculate from the refractive index of 
n = 2.508 listed for cubic SiC at 4 tim in Table C.1 in Appendix C. We calculate the 
theoretical transmittance from Eq. (1-13): 


‘ . 2n (2)(2.508) _. 
tr tt Ss = VU. . 
Theoretical transmittance ae 2 5082 + 1 0.691 


The remaining 30.9% of the light is reflected. To estimate the absorption coefficient, we 
consider the internal transmittance of the specimen to be the measured transmittance 
divided by the theoretical transmittance: 


. measured transmittance 0.60 
Internal transmittance =~ ————————___———_ = —— = 0. : 
aa theoretical transmittance 0.691 0.868 


The absorption coefficient (@) is then found from Eq. (1-1) with a thickness of b = 0.025 
cm for the specimen in Fig. 5.24: 


Internal transmittance = e~@? 
0.868 = e~%(0.025) —, 1n(0.868) = -a(0.025) = a= 6cm:!. 


a a ae 


The "absorption" coefficient that we just calculated includes contributions from 
scatter and is sometimes called the "extinction coefficient.". Because the uncertainty in 
measured transmittance is rarely less than +1%, there is significant uncertainty in our 
estimate of the internal transmittance when the observed transmittance is close to the 
theoretical transmittance. 
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Fig. 5.25 shows the absorption coefficient measured in a careful experiment with a 
thicker (0.556 mm) specimen.32 The optical scatter was measured and subtracted from 
the apparent absorption to obtain the true absorption. The measured absorption 
coefficient at 4 Um (2500 cm!) is 2.1 cm=! at 291 K and 3.3 cm! at 912 K. A 2-mm- 
thick window would have an emittance of €= 0.44 at 4 um at 912 K (calculated with Eq. 
(1-27) using n = 2.489 from Appendix C). This emittance is too great for an infrared 
window at elevated temperature. At best, silicon carbide would have a useful window in 
the 3-3.5 im region, or in shorter wavelength atmospheric windows, such as 2-2.5 [m. 
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Another material that ought to have superior thermal shock resistance is silicon 
nitride, Siz3N4, which 1s a candidate for such demanding applications as combustion 
engine structural components. An effort was made around 1980 to deposit transparent 
silicon nitride by chemical vapor deposition from precursors such as SiF4 or SiClq4 and 
NH3.32 The best material that resulted was white in color, contained 1.1 wt% oxygen, 
and had a maximum specular transmittance of ~65% in the 3-4 Um region (Fig. 5.26). 
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transmittance Fig. 5.26. Transmission 
spectrum of white CVD 
silicon nitride (0.254 mm 
thick).33 
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5.4 Single-crystal materials 


Large single crystals of optical materials from which windows or domes can be cut 
are usually grown by slow cooling of a melt. In the Stockbarger-Bridgman method (Fig. 
5.27), a small single-crystal seed is placed in the bottom of a graphite or quartz vessel 
filled with powder of the same material as the seed. The vessel is placed in a furnace with 
a carefully controlled temperature gradient that melts the powder but not the seed. Upon 
slow withdrawal of the vessel from the hot zone, the liquid solidifies on the surface of the 
seed and a large single crystal results. A variant of this technique uses a powder charge in 
a horizontal boat that is slowly withdrawn from the heated region. 
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Fig. 5.27. Growth of single crystals by vertical Stockbarger-Bridgman and Czochralski 
methods. 


Czochralski (pronounced cho-kral-ski) crystal growth (Fig. 5.27) begins by dipping 
a rotating single-crystal seed onto the surface of molten material. As the seed is slowly 
withdrawn, a single-crystal cylindrical boule grows out of the melt. Figure 5.28 shows 
the seed end of a sodium chloride boule grown by this method. 


5.4.1 Gallium arsenide, gallium phosphide, germanium and silicon 


Gallium arsenide is an example of an infrared material grown by a variation of the 
horizontal Stockbarger-Bridgman method.>4 A graphite boat containing GaAs powder is 
placed in one end of a sealed quartz ampule with solid As at the other end. The As is kept 
at an elevated temperature to maintain sufficient vapor pressure to prevent loss of As from 
molten GaAs. The furnace is programmed to melt the GaAs powder and then very slowly 
freeze the contents of the boat from one end to the other. Large flat pieces of crystalline 


GaAs conan centimeter-sized single-crystal regions result from this procedure (Fig. 
5.29). 
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Fig. 5.28. Seed end of 
2.5-cm-diameter boule of 
single-crystal NaCl grown 
by Czochralski method. 
The bulk of the boule has 
been cut off. (Courtesy 
Marian Hills, Naval Air 
Warfare Center). 








Fig. 5.29. Left: Monolithic GaAs window (29 x 31 x 1.0 cm). Right: GaAs 
window made from three segments bonded together. (Courtesy Raytheon Systems Co.75) 


Single-crystal gallium phosphide is grown by the Czochralski method inside a 
chamber filled with 40 atm of Ar to help retard evaporation of phosphorus from the 
melt.24 An additional means used to help prevent decomposition is to coat the melt with 
a layer of molten boric oxide (B203) that floats on and encapsulates the GaP liquid. 


High quality germanium windows are fabricated from 45 kg boules of single-crystal 
material with a 24-cm diameter grown by the Czochralski method.>® "Polycrystalline" 
Ge windows consist of multicentimeter-sized grains. 


Float zone crystal growth in Fig. 5.30 can produce single-crystal rods of relatively 
conductive materials such as silicon.>4 The lower end of a polycrystalline silicon rod is 
positioned inside induction heating coils that melt a narrow zone which is held in place 
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Fig. 5.30. Float zone and Verneuil crystal growth methods. 


by surface tension. Rotation of the rod maintains a uniform radial temperature 
distribution as the rod is slowly translated downward. The freshly cooled material below 
the molten zone solidifies as a single crystal and impurities are carried by the melt to the 
top of the rod. Repeated passes further purify the material. 


High quality, single-crystal silicon is usually made by the Czochralski method with 
quartz (SiO2) crucibles which introduce oxygen contamination at a level of ~2x 10!8 


atoms/cm. Alternatively, float zone crystal growth does not require a crucible and 
produces "oxygen-free" silicon. Either kind of silicon is an excellent midwave infrared 
material, as shown in Fig. 1.18e. The oxygen impurity in Czochralski silicon gives rise 
to significant absorption near 9 um which is almost absent in float zone silicon (Fig. 
5.31).37:38 The remaining absorptions in “oxygen-free” silicon are low enough so that 
the material could have some long wave applications. Since the upper operating 
temperature of silicon is only ~260°C, emittance from the weak absorptions is not too 
serious. Polycrystalline silicon made by chemical vapor deposition is discussed in 
Section 7.8.5. Its absorption spectrum is close to the "oxygen-free" trace in Fig. 5.31. 


Verneuil (pronounced ver-noy) crystal growth, also called flame fusion, is shown in 
Fig. 5.30.39 It employs a hydrogen/oxygen flame to melt fine particles of oxide 
materials such as sapphire (Al203) and spinel (MgAI204), which then solidify onto the 
surface of a seed crystal at the bottom of the growth chamber. The crystal grows as the 
seed is slowly withdrawn from the apparatus. A variation of this technique uses a radio 
frequency plasma with an inert gas instead of a combustion flame. The Verneuil process 
is not commonly used for infrared optical materials at present. 
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5.4.2 Sapphire 


Single-crystal aluminum oxide (@-Al203), better known as sapphire, is currently the 
material of choice for infrared windows and domes that must survive in the most 
demanding environments. The heat exchanger method*0-44 (Fig. 5.32) is one way in 
which sapphire is grown. In this technique, aluminum oxide is heated above its melting 
point of 2040°C in a molybdenum crucible containing a single-crystal sapphire seed at the 
bottom. The seed is mounted on a cold finger that is cooled by helium gas. Evacuation 
of the furnace permits volatile impurities to escape prior to crystallization, which is 
begun at the seed by lowering the furnace temperature and increasing the coolant supply 
to the cold finger. The entire charge solidifies over several days, after which it is annealed 
just below the melting point to remove residual stress. A very slow cooldown results in 
a huge, stress-free single crystal with a mass up to 65 kg and a diameter up to 34 cm 
(Fig. 5.33). Efforts are in progress to scale the HEM process to produce boules of 50- or 
75-cm diameter with masses upwards of 100 kg. 
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Fig. 5.33. A 34-cm- 
diameter, 65-kg crystal of 
sapphire grown by the 
heat exchanger method. 
(Photo courtesy Crystal 
Systems, Inc.) 





HEM sapphire is classified into five optical grades and three purity grades. The 
optical grades, in order of decreasing quality, are designated "Hemex” (best grade), 
"Hemlux," "Hemlite," "Hemcore,” and "Hemverneuil" (lowest grade).44 Hemex material 
has no visible scatter when observed with strong white light by the naked eye and no 
evidence of lattice distortion when viewed through crossed polarizers. Hemlux grade 
sapphire has barely detectable scatter or distortion and Hemlite grade has clearly detectable 
scatter or distortion. Grading is done by a skilled technician using standard specimens for 
comparison. Hemlite grade is the most common commercial form of HEM sapphire. 
The root-mean-square inhomogeneity in refractive index of 1-cm-thick x 5-cm-diameter 
disks of all five grades of HEM sapphire is 2-7 x 1077. 


The left side of Fig. 5.34 compares the infrared emittance of Hemex and Hemlite 
HEM sapphire. The weak emission band near 3000 cm=! (3.3 um) in Hemlite is 
potentially significant because this grade of sapphire could be used for missile domes and 
windows that must operate at high temperature. 


The three purity grades of HEM sapphire, in order of decreasing chemical purity, are 
called "Ultra," "White," and "Standard." The right side of Fig. 5.34 compares the 
ultraviolet transmission of two samples of "Ultra" purity HEM sapphire. The "vacuum 
ultraviolet grade" specimen has received a proprietary treatment to remove the absorption 
band near 200 nm.” 


The least efficient way to carve a dome from a crystal of sapphire is to start with a 
boule and grind away all of the excess material. More than twice as many domes can be 
fabricated from the same volume if consecutive hemispheres are "scooped" out of the 
boule (Fig. 5.35) with a hemispheric diamond-plated cutting tool.42 





“The portion of the ultraviolet region below 200 nm is called the "vacuum" ultraviolet 
region because oxygen in the air absorbs ultraviolet radiation in this region. 
Spectrometers are usually evacuated to record spectra in this region. 
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Fig. 5.34. Spectroscopic properties of different grades of HEM sapphire. Left: 
Emission spectra show an impurity (probably OH) in Hemlite grade that is absent in 
Hemex grade material.4> Right: An ultraviolet absorption band observed in "Ultra" 
purity material is eliminated by a proprietary treatment.4©.47 The absorption band near 
200 nm is attributed to an oxygen vacancy occupied by 2 electrons (an F center).48 


Since it is a very hard material, sapphire is difficult and expensive to cut and polish. 
In Fig. 5.7 it was estimated that polishing a sapphire dome costs as much as growing the 
single-crystal material. It is therefore desirable to grow sapphire in the shape of a 
hemisphere to minimize the amount of grinding required to attain the final dimensions. 
In Israel, a vertical Stockbarger-Bridgman method (also called gradient solidification®!) is 
employed to grow near-net-shape sapphire dome blanks in hemispheric molybdenum 
crucibles.49 


1 ™N | Fig 5.35. Seven 
domes are scooped 
from the same volume 
needed for three 
domes. (Courtesy 
Precision Lapping and 
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An important near-net-shape process for sapphire is edge-defined, film-fed growth, 
called the EFG method.°9-54 In this variation of the Czochralski technique, a seed 
crystal is dipped into the top of a capillary tube containing molten aluminum oxide. The 
shape of the capillary determines the shape of the resulting crystal. A round capillary 
gives a continuous sapphire filament. A thin rectangular capillary gives a flat sapphire 
ribbon or sheet (Fig. 5.36), while a tubular capillary gives a tube-shaped rod. A major 
application for flat sheets of EFG sapphire is in grocery store scanners which contain a 
thin sheet of sapphire laminated to a glass plate. The sapphire is extremely resistant to 
scratching and eliminates the frequent need to replace scratched glass in the scanner. 


EFG crystal growth with a semicircular opening and a semicircular seed crystal 
produced the hemispheric shape in Fig. 5.37.02 With proper orientation of the seed, the 
optical axis of the sapphire crystal (Fig. 1.6) is aligned with the axis of the hemisphere. 
This method of near-net-shape dome growth has not been put into production. 


Although the crystal quality of EFG sapphire is good, it is not as good as that of 
HEM sapphire, which is grown much more slowly and annealed in situ prior to removing 
the boule from the furnace. EFG sapphire tends to have gas bubbles near the surface and 


Fig. 5.36. Large 
flat sheet of sapphire 
being drawn from a 
crucible of molten 
alumina by the EFG 
method. The single- 
crystal sapphire seed 
(15 cm long x 0.75 
cm wide) widened to 
30 cm during the 
initial growth process. 
The final sheet was 30 
cm wide for a length 
of 46 cm. (Courtesy 
Saphikon, Inc.) 





Fabrication of Infrared Materials 177 


Fig 5.37. Near-net- 
ee } shape EFG sapphire 
< dome with 7-cm base 
diameter from Saph- 
ikon. Cutouts near the 
base are from the 
mechanism by which 
the seed was rotated 
through an arc during 
crystal growth. The 
process was later 
modified to eliminate 
the cutouts. 





subgrain boundaries, which are adjoining crystals that are slightly misoriented from each 
other.” It is reported that an automated system that uses the weight of the growing 
crystal to control the growth process improves the crystal quality of EFG sapphire.°4 


Large sapphire windows are desired for applications requiring excellent wear 
resistance. A monolithic, polished window with dimensions 25 x 30 x 0.025 cm has 
been fabricated from a sheet of EFG sapphire.°© Four pieces of HEM sapphire were 
bonded at their edges with a glass frit (a ceramic braze) to produce a polished circular 
window with a diameter of 20 cm and a thickness of 1.1 cm.>® A thick, monolithic 
rectangular window with a diagonal length of ~27 cm has also been fabricated from HEM 
sapphire.>/ 


5.4.3 Hot forging 


We can strengthen some single-crystal materials by hot forging, in which uniaxial 
pressure (possibly with heat) severely compresses and distorts the solid (Fig. 5.38). In 
favorable cases, slipping of one atomic plane past another leads to an effectively 
polycrystalline material with very small grain size. Small grains increase the fracture 
toughness and strength, as described in Section 3.8.1. Figure 5.38 shows the effect of 
hot forging on the strength of potassium chloride. The strength increases by a factor of 8 
from the single-crystal value at the lower left of the graph to the polycrystalline value at 
the upper right. 


5.5 Optical finishing 


A smooth finish reduces optical scatter that occurs on rough surfaces (Fig. 1.10). 
Figure 5.39 shows surface profiles of two typical optically polished domes with root- 


“Native strength-determining defects in EFG fibers have been carefully characterized.>> 
Fibers with a diameter of 0.14 mm whose tensile strength is controlled by internal flaws 
have a Weibull modulus of m = 12.1 and a Weibull scaling factor of Sg = 3.5 GPa. 
Fibers with strength-controlling surface flaws have m= 6.1 and S, = 3.4 GPa. Thus the 
mean strength of sapphire fibers is extremely high, but surface flaws are more variable 
than internal flaws. 
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Fig. 5.38. Left: Hot forging compresses a single crystal until planes of atoms slip 
past one another, creating a polycrystalline material. Right: Grain size dependence of 
strength of hot forged KCI°® follows the Petch equation (3-36). The smaller the grain 
size, the greater the strength. 


mean-square roughness’ near 2 nm. Both domes in Fig. 5.39 are acceptably smooth, but 
notice the distinct scratch marks in Dome B that are absent in Dome A. 


Roughness refers to irregular surface features separated by distances in the range 
10-10 - 10-4 m. Features of an optical surface separated by 10-4 - 10-3 m are called 
waviness, while features with an even larger separation define the optical figure, or 
deviation from the ideal shape of an optical element.>?-®! 


The total integrated scatter (Section 2.2) from a single rough surface into one 
hemisphere is related to the rms roughness, 6, and wavelength of light, A, by the 
approximate equation>? 


4nd\2 
Total integrated scatter = “y J (5-3) 


Table 5.4 tells us that the dome surface roughness (~2 nm) in Fig. 5.39 gives <1% 
visible scatter, and a roughness 10 times greater could be tolerated for infrared operation. 


“Suppose we have N equally spaced measurements of surface elevation, z;, with the 
average elevation designated Z. Root-mean-square (rms) roughness is defined as 


rms roughness = 6 = 
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Fig. 5.39. Three-dimensional surface profiles of yttria domes. 


Surface quality is measured by several quantitative and qualitative methods. The 
measurement in Fig. 5.39 was made with an optical surface profiler, which gives a 
picture of the surface topography, a root-mean-square roughness for the entire surface and 
a peak-to-valley elevation difference. Vertical sensitivity in the range 0.02 - 0.3 nm is 
available on such instruments, whose lateral resolution can be 0.5-30 tm. In a 
mechanical profiler a diamond stylus is moved in a line along a surface and records the 
change in elevation at each step in its path. Vertical resolution is approximately 0.05 
nm, with a lateral resolution of 0.2 um. Another quantitative measure of surface 
roughness is based on measuring total integrated scatter.°2 The modulation transfer 
function (Section 2.3) of a finished optical flat is a good indicator of the overall quality of 
both the bulk material and its surface finish. 


Different methods of measuring surface roughness do not measure exactly the same 
features. Therefore an identification of the method and the range of spatial wavelengths to 
which it is sensitive should accompany a reported value for surface roughness.©9 For 
example, the resolution of a mechanical profiling system is limited by the size of the 
stylus relative to the sharpness of the surface relief. A "fat" stylus” cannot get into a 
"thin" scratch and therefore does not sense the scratch. 


Table 5.4. Surface roughness and optical scatter from Eq. (5-3) 


Wavelength Surface roughness to give indicated scatter 
Total integrated scatter = 10-4 Total integrated scatter = 10-2 
0.5 um 0.4 nm 4nm 
3 um 2.4 nm 24 nm 


10 um 8.0 nm 80 nm 
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5.5.1 Scratch/dig specifications 

A qualitative measure of surface finish is the scratch/dig specification.©3.%4 U.S. 
scratch numbers in Table 5.5 give the width of a scratch in 0.1-m units. Dig number 
refers to the diameter of a pit, bubble, pinhole or inclusion in 10-m units. An optical 
surface that meets the 60/40 scratch/dig specification has no scratch wider than 6 um and 
no dig diameter larger than 400 um. We consider the scratch/dig specification to be 
qualitative because inspection is done visually by an experienced observer. Standard 
specimens for visual comparison of scratches and digs are available. 


Table 5.5. Scratch/dig specifications 


MIL-0-13830A2 MIL-F-48616> 

Maximum Maximum Scratch Dig Disregard Disregard 

Number scratch dig Letter width diameter scratch dig 
width _diameter width diameter 
10 1 ym 100 um A 5 um 50 um <1 um <10 um 
20 2 um 200 Um B 10um 100um <2.5 um <25 um 
40 4um 400 um C 20um 200 um <Sum <50 um 
60 6 um 600 um D 40um 300um <10 um ~<50 um 
80 8um 800 um E 60um 400um <10um  <100 um 
F 80um S500um <20um = <100 um 
G 120um 700um <20um = <200 um 
H 1000 Lim <250 [um 


4MIL-0-13830A states that for a circular element "the combined length of maximum size 
scratches ... shall not exceed one quarter the diameter of that element. When a maximum size 
scratch is present, the sum of the products of the scratch numbers times the ratio of their length 
to the diameter of the element ... shall not exceed one half the maximum scratch number. When 
a maximum size scratch is not present, the sum of the products of the scratch numbers times the 
ratio of their length to the diameter of the element ... shall not exceed the maximum scratch 
number.” For irregular shaped digs, the diameter is taken as the average of the maximum length 
and maximum width. “The permissible number of maximum size digs shall be one per each 20 
mm of diameter ... on any single optical surface. The sum of the diameters of all digs ... shall 
not exceed twice the diameter of the maximum size specified per 20 mm diameter. Digs less 
than 2.5 microns shall be ignored. All digs ... whose quality is number 10 or smaller shall be 
separated edge to edge by at least 1 mm." 


DMIL-F-48616 states that "scratches are permissible provided the width does not exceed that 
specified by the scratch letter. The accumulated length of all maximum scratches shall not 
exceed 1/4 of the average diameter of the element." Integrating scratches: If no maximum 
width scratch is present, "all scratches of widths less than or equal to the maximum allowable 
scratch width, and greater than or equal to the minimum scratch width to be considered ... shall 
be included in the integration. The length of each scratch shall be multiplied by the scratch 
width. These products are to be added and the sum divided by the average diameter of the 
element. If a maximum scratch is present, this resulting value shall not exceed 1/2 the 
maximum allowed scratch width. If no maximum scratch is present, this value shall not exceed 
the maximum allowed scratch width." No more than one maximum size dig shall occur in any 
20 mm diameter circle. Integrating digs: “All digs of diameters less than or equal to the 
maximum allowable dig diameter and greater than or equal to the minimum dig diameter to be 
considered shall be included in the integration. All digs shall be accumulated such that the sum 
of the diameters does not exceed twice the diameter of the maximum allowed dig-for any 20 mm 
diameter circle.... All digs of size B or smaller shall be separated by 1.0 mm minimum." 
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A second scratch/dig specification in Table 5.5 uses letters to designate allowable 
sizes. For example, the specification F/E means that no scratch width can exceed 80 tm 
and no dig diameter can exceed 400 um. Scratch widths in MIL-F-48616 are an order of 
magnitude larger than those of MIL-0-13830A. 


5.5.2 Optical polishing 


Optical polishing usually employs a series of progressively finer abrasive media to 
grind away the high points of a surface until it is smooth. Common abrasive powders 
include diamond, silicon carbide, alumina and silica. Opticians and machinists have 
different terminologies to describe the coarse, medium and fine stages in optical finishing: 


Optician's terminology Machinist's terminology 
Coarse: machining grinding 
Medium: grinding lapping 
Fine: polishing polishing 


Typically, each step is carried out until the depth of material removed is at least four 
times as great as the diameter of the previous abrasive. The objective is to remove the 
damage layer produced by the previous step. Using the machinist's terminology, for 
example, grinding might be carried out with 45-um-diameter diamond particles until the 
desired shape is achieved. Lapping with 9-ym-diameter alumina might then be used to 
remove at least 4 x 45 = 180 um of thickness. Final polishing with colloidal silica (<1 
14m diameter) would then be carried out until at least 4 x 9 = 36 um of additional 
thickness is gone. For a higher quality finish, more intermediate sizes of abrasives might 
be used and more material might be removed in each step. Grinding abrasives are 
designated "fixed" or "loose" depending on whether they are embedded in a soft matrix 
(such as a metal or resin) or are used as a liquid slurry. 


Mild techniques have been developed to minimize subsurface damage from polishing. 
In fioat polishing, relatively little pressure is placed on the rotating workpiece which is 
submerged in a slurry of polishing powder in deionized water above a compliant, rotating 
lap made of tin, copper or nylon. The workpiece floats on a ~1 jim layer of fluid in 
which solid particles flow past the surface being polished. The solid particles can range 
from 1 nm in size (colloidal silica) to 100 nm (titania, alumina, ceria or magnesia). If 
the material removal mechanism is largely chemical in nature, the process is called 
chemo-mechanical polishing. Chemo-mechanical polishing of single-crystal calcium 
fluoride laser windows with colloidal silica produces a sufficiently damage-free surface to 
increase the laser damage threshold fluence by an order of magnitude compared to windows 
polished by conventional means.® 


Magnetorheological (MRF) finishing is a still-experimental polishing technique 
invented in Belarus and under development at the Center for Optics Manufacturing at the 
University of Rochester. The magnetorheological fluid is an aqueous suspension of 
microscopic iron particles and ceria abrasive that flows past the workpiece. Application 
of a magnetic field stiffens the fluid, which replaces the lap of conventional polishing. 
Computer control of the fluid's shape and stiffness by adjusting the magnetic field allows 
the deterministic production of various shapes for the polished part. 


Another common method of finishing optical elements, especially those with 
nonspherical surfaces, is single-point diamond turning. In this technique, a computer- 
operated diamond cutting tool under exquisite control mills the desired shape into the part, 
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which need not be polished prior to turning. A diamond-turned surface has almost as fine 
a finish as a highly polished surface. For some materials in some crystallographic 
directions the diamond tool takes tiny chips out of the surface, which degrades the quality 
of the finish. The diamond-turned surface in Fig. 5.40 exhibits characteristic grooves left 
by the cutting process. Diamond turning is effective with such materials as ZnS, ZnSe, 
Si, Ge, GaAs and MgF>,© but oxides such as sapphire, spinel and yttria wear down the 
diamond point too rapidly to be machined. 


The flatness of a disk or window is measured with an optical interferometer, as 
shown in Fig. 5.41. A work piece of unknown flatness is placed on a standard optical 
flat made of fused silica and monochromatic light is passed upward through the optical 
flat. Reflection (shown at the right in Fig. 5.41) from the lower surface of the work 
piece interferes with reflection (not shown) from the upper surface of the optical flat. 
Whenever the separation between the work piece and the optical flat is a half multiple of 
the wavelength of light, destructive interference occurs. 





Work piece 
Optical flat 
View of 
Mirror interferogram 
Dark aa 
He-Ne source fringes Incident light 


Fig. 5.41. Interferometric measurement of flatness. 
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Fig. 5.42. Curvature in the interference patterns from the experiment in Fig. 4.3 
provides a measure of the curvature of the surface of the work piece being polished. 


The experiment in Fig. 5.41 might produce one of the patterns in Fig. 5.42. If the 
work piece is flat, the dark fringes form straight lines. When the surface of the work 
piece is curved, the interference pattern is also curved. For every two fringes of curvature 
at the right of Fig. 5.42, the irregularity in the work piece is equal to one wavelength of 
light. If helium-neon light of wavelength 0.63 im gives 4 fringes of curvature, the 
irregularity of the surface is 2 x 0.63 um ~ 1.3 fim. 


Different crystal planes of single-crystal materials polish at different rates. In the 
case of sapphire, the a- and m-planes (Fig. 1.6) lose material at 4 times the rate of the 
r-plane and 2 times the rate of the c-plane.43 Since all of these planes are exposed in 
different locations on the surface of a dome, polishing naturally leads to hills and valleys 
on the dome unless the process is carefully monitored. 


5.6 The effect of surface finish on mechanical strength 





In Section 3.3 we noted that ceramics usually fail at pre-existing flaws. Internal 
flaws, such as large voids or inclusions, can be left from the ceramic fabrication process. 
More commonly, damage from grinding and polishing provides the largest, strength- 
limiting flaws. Fig. 5.43 shows subsurface damage in sapphire after grinding and 
polishing.©”? The large crack in the ground specimen extends ~14 jum below the original 
surface. In the polished sample, no subsurface cracks are evident and the damaged region 
of the crystal extends only 100 nm (0.1 um) below the surface. Sometimes the polishing 
step does not remove deep cracks created by grinding and the residual subsurface damage 
weakens the material. 
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Fig. 5.43. Grinding damage (top) and polishing damage (bottom) observed by 
transmission electron microscopy beneath the c-plane surface (Fig. 1.6) of sapphire.°7 In 
the upper photo, the original surface was lost when the sample was thinned for 
microscopy by ion milling. The upper surface in the figure is ~3-4 um beneath the 
original surface. Dislocations labeled in the figures are misalignments of the atoms in 
the crystal. [Courtesy B. J. Hockey and D. Black, National Institute of Standards and 
Technology.] 
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To illustrate the effect of surface finish, consider the strengths of calcium fluoride and 
strontium fluoride polished to an optical finish by two different procedures:®8 


Strength (MPa) 
Optical polish A Optical polish B 
Single-crystal CaF2 172 £ 23 104 + 35 
Fusion cast SrFo 83 + 39 163 + 30 


One polish gave a strength that is around twice as great as the other , but the effects were 
reversed for the two materials. The variable effect of different polishing procedures on 
mechanical strength is one of the most vexing problems in engineering with optical 
materials. 


The data for CaF2 and SrF> make a case for this author's opinion that extensive, 
expensive mechanical testing of optical ceramics for the purpose of an engineering 
database is rarely warranted. No matter how well one lot of material is characterized, there 
is no guarantee that the next lot polished by the next person in the next shop will have 
the same characteristics. The most variable factor governing the mechanical strength of 
an optical ceramic is the surface finish. 


Subsurface cracks are not usually evident when the polished surface is inspected. 
However, a method called dimpling can be used to measure the depth of subsurface 
damage.‘ In this procedure, a small circular pit is ground into the polished surface by 
lapping with 0.5-[1m diamond abrasive and a steel ball of radius r, as shown in Fig. 5.44. 
When the resulting pit (the dimple) is observed with a microscope, as shown at the right 
of Fig. 5.44, there is a rough annulus where the original subsurface damage intersects the 
dimple. From the geometry of the dimple, the depth of subsurface damage, A, is 


2 2 
(dj/2) (d2/2) 
r : r 


A= (5-4) 
where dj; and d2 are dimensions defined in Fig. 5.44. Dimpling can discern gross 
subsurface damage from grinding, but may not detect subtle damage left from polishing. 
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Fig. 5.44. In dimpling, a small pit is lapped into the surface of a.work piece. The 
diameter of the damage ring seen in the pit is related to the depth of subsurface damage. 
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Optical ceramics have a wide distribution of strengths (a small Weibull modulus) 
because their strength is determined by a small number of subsurface cracks that were not 
removed by polishing. A ground surface has a lower strength than a polished surface, but 
the Weibull modulus for the ground surface could be higher because there are many more 
flaws of similar depth from which fracture can originate. 


Usually, the finer the grit used to grind a surface, the stronger is the resulting 
ceramic. For the experiment in Fig. 5.45, polycrystalline silicon nitride was cut into 3 x 
4 x 40 mm bars and all surfaces were ground parallel to the long axis of the bar with an 
800-grit diamond abrasive wheel.©? Grit size is inversely related to the diameter of the 
abrasive particles: the higher the grit size, the finer the particles. The long edges were 
then chamfered, which means grinding or polishing to remove the sharp edge where stress 
reaches a maximum and from which failure often occurs. One 4 x 40 mm face of each bar 
was then reground parallel to the long axis with a coarser diamond abrasive of either 80, 
200 or 400 grit size. This face was then placed in tension in a 4-point bending test (Fig. 
3.8) to measure the strength, which is shown in Fig. 5.45. The coarse-ground surface has 
less than half the strength of the fine-ground surface. 


A second experiment demonstrates that removing the abrasion-damaged surface layer 
increases the strength of the silicon nitride bars.©? The fine-ground bars were roughened 
on their tensile surface with an 80-grit diamond wheel. Then various depths of the rough 
surface were removed by lapping with 6-Lim loose diamond abrasive. Figure 5.46 shows 
that lapping 40 tm off the coarse surface restores the ceramic to its original strength and 
that lesser depths of material removal have smaller effects. 


An example of the effect of abrasive grit size on the strength of an optical ceramic is 
provided by an experiment with single-crystal magnesium fluoride.’?2 Lapping with 12- 
lum diamond abrasive produced a strength of 137 + 29 MPa. Lapping with 5-um 
diamond increased the strength to 167 + 32 MPa. 
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The orientation of grinding damage relative to the tensile field is an important factor 
in determining mechanical strength.’! Fig. 5.47 shows 3-point flexure bars that were 
ground either parallel or perpendicular to the tensile axis with a 325 grit diamond abrasive 
wheel. For polycrystalline magnesium fluoride (grain size <1 j1m), the strength of bars 
ground perpendicular to the tensile axis was 61% of the strength of bars ground parallel to 
the tensile axis (53 + 2 versus 87 + 2 MPa). For single-crystal spinel, material ground 
perpendicular to the tensile axis was 74% as strong as material ground parallel to the axis 
(200 + 10 versus 269 + 7 MPa). Subsequent studies showed a grain size dependence to 
the effect of grinding direction.’2-/3 The effect was largest for fine-grain material, then 
nearly zero at intermediate grain size, and grew large again for single crystals. 
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Chemical etching is one way to remove grinding/polishing damage and strengthen 
ceramics. However, optical figure is difficult to maintain during chemical etching. In a 
study of garnet laser rods (such as yttrium aluminum garnet, YAG), conventional high- 
quality optical polishes left subsurface damage as deep as 50 tm below the surface. /4 
Deep chemical etching with 85 wt% phosphoric acid at 200°C for 20 min increased the 
flexure strength of YAG from 175 to 2360 MPa. However, the sample was no longer 
optically flat. The optical figure could be restored by a fine polish after the etch, but two 
thirds of the strength of the etched surface was lost. In another study, 1-mm-diameter 
sapphire rods were chemically etched in molten borax at 965° or 1100°C for periods 
ranging from 10 to 30 min.’> The bending strength increased from the as-received 
ground-finish value of 500 MPa to numbers in the range 1000-7000 MPa. The results 
were highly variable, with no correlation between strength and depth of material removed. 
Strength was probably limited by flaws inside the original material. 


Flame polishing 1s another way to increase the strength of a ceramic that can be 
heated near its melting point.without decomposition. In the case of 1-mm-diameter 
sapphire rods, flame polishing could increase the strength from 500 MPa up to as high as 
7000 MPa./5:76 Flame or laser polishing of large windows would be difficult because of 
thermal shock induced by localized heating. 


Annealing has proven value in strengthening ceramics. In annealing, the material is 
slowly heated to a temperature at which atoms gain enough mobility to recrystallize and 
heal subsurface damage. The object is left at the annealing temperature for a specified 
period and then slowly cooled. Fig. 5.48 shows that annealing polished ruby (Cr3+-doped 
sapphire) at 1200°C for 1 h increases the strength by more than a factor of 2 and that 
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heating up to 1700°C gives no further improvement.’7 The open circles demonstrate that 
if the annealed ruby is repolished, the strength falls back to the initial value. In two other 
reports on sapphire, annealing at unspecified temperatures increased the strength from 528 
+ 93 to 692 + 97 MPa’® and from 742 + 158 to 1127 + 407 MPa.43 It is worthwhile 
to note that the stronger we make a material by surface treatments, the more susceptible it 
becomes to loss of strength by handling damage. 


Because objects with different shapes are necessarily ground and polished in different 
manners, we cannot reliably predict the strength of curved parts from the strengths of flat 
coupons. Fig. 5.49 shows an example in which 25-mm-diameter lens-shaped specimens 
were core drilled from a yttria dome. The edges of the cores were polished to remove 
chips and then the ring-on-ring flexure strength of the cores was measured. Despite the 
care taken in edge preparation, three fourths of the cores failed at the edge, rather than 
inside the load ring. The mean strength of the cores that did not fail at the edge was 60% 
of the strength predicted from flat test coupons of the same material with an "equivalent" 
finish. The tentative conclusion is that yttria domes are weaker than yttria disks, which 
might be the result of the necessary differences in polishing domes and disks. 


Fig. 5.49. 

Yttria dome (71- 
mim-diameter) from 
which six 25-mm- 
diameter disks were 
removed with a 
core drill.79 
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5.7. Polymer infrared windows 


Raytheon manufactures a strong, durable, inexpensive, long wave infrared 
polyethylene window suitable for consumer products, such as night vision systems on 
cars and security devices for homes. It is estimated that, in production, polyethylene 
windows could cost as little as 2% of the price of conventional windows such as silicon. 
The key to high strength is to begin with a woven yarn cloth of ultra-high-molecular- 
weight, highly crystalline polyethylene, as shown in Fig. 5.50. The cloth is then 
impregnated with a lower melting, amorphous polyethylene and hot pressed into a 0.1- 
mm-thick composite window that retains a skeleton of the strong cloth. The high tensile 
strength of crystalline polyethylene gives the window substantial in-plane strength. 
Some of the resulting material properties are listed in Table 5.6. 


A critical requirement for outdoor use of a plastic material is resistance to degradation 
by ultraviolet sunlight. Without protection, most plastics are rapidly degraded. Figure 
5.51 shows the loss of infrared transmission after an ultraviolet radiation exposure 
equivalent to 2 years in Miami, Florida. The figure also shows that by blending a 
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Fig. 5.50. Fabrication of Raytheon polyethylene for long wave infrared windows.89 
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Table 5.6. Propeties of Raytheon polyethylene window 





Property Value 
Useful temperature range — -40 to +120°C 
Refractive index 1.53 

7.5-13 um transmittance (with moth-eye antireflection surface) 84-90% 
Optical scatter ~1% 
Modulation transfer function @ 10 line pairs/mm >95% 
In-plane tensile strength 280-630 MPa 
Young's modulus >15 GPa 





proprietary, anti-oxidation additive into the polyethylene, there is almost no loss of 
transmission in the ultraviolet exposure test. 


Reflection at each surface of the low-refractive-index polyethylene window is ~4%. 
The loss can be reduced below 1% per surface by antireflection layers. This is 
conveniently achieved by warm pressing a “moth-eye" structure (described in Section 
6.1.1) into each surface, for a net gain of ~7% in transmission in Fig. 5.52. 
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Fig. 5.51. Effect of additives on stability of polymer window in ultraviolet light.80 
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Chapter 6 
OPTICAL COATINGS 


Thin coatings are widely used to improve the transmittance of a window by reducing 
reflection and to reject unwanted optical or radio frequency wavelengths. !-3 Protective 
coatings endure rain and particle impacts and provide scratch resistance. Occasionally a 
thin coating can enhance mechanical strength. This chapter describes the use of coatings 
to reduce reflection and to reject radio and microwave frequencies. Coatings to protect 
against rain and sand erosion are discussed in the next chapter. 


6.1 Antireflection coatings 


Whenever light encounters an interface at which the refractive index changes, partial 
reflection occurs. In Table 1.3 we saw that approximately 4% reflection occurs at the 
interface between air and glass. Reflection from a zinc sulfide surface is 14%, while that 
from germanium is 36%. Since light entering almost any optical system encounters a 
series of interfaces, it is imperative that reflection be reduced at each interface; otherwise, 
the light will be attenuated to almost nothing. 


Figure 6.1 illustrates the principle of operation of a quarter-wave antireflection 
coating. For simplicity, we describe the case of plane-polarized light whose electric field 
oscillates in the plane of the page. Consider light with wavelength A, traveling from air 
with index of refraction ng (= 1) into a nonabsorbing antireflection coating of refractive 
index nj, and then into a bulk optical material of refractive index ng. The wavelength of 
light inside the coating is A,/n7. 


Fig. 6.1.  Quarter- 
A : wave antireflection 

D+E coating. It is assumed 
that the coating 

absorbs no light and 


that there is negligible 
reflection as light C 





Thickness : 
D | 1 exits the coating to 
a" become D. 
Air Antireflection Bulk 
elie a coating material 
= "0 Index = ny Index = No 
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Curve A in Fig. 6.1 represents the electric field of the incident light. When light 
strikes the first surface of the antireflection coating, some is reflected (E) and some enters 
the coating (B). When light wave B strikes the bulk material, some is reflected (C) and 
some is transmitted (not shown). Finally, light wave D exits the antireflection coating. 
(We will ignore the small part of C that is reflected back toward the right as C exits the 
coating.) The two waves that exit the coating back toward the source of the incident light 
are D and E. Their sum represents the total reflected light. The antireflection coating is 
designed so that waves D and E are equal in magnitude but opposite in sign. Therefore 
they cancel and the net reflection is zero. 


For the coating to function, the intensity of light reflected from the air/coating 
interface must equal the intensity reflected from the coating/bulk interface. Equation 
(1-10) told us that the reflected power of normal-incidence light at each interface is 


Nn] -No \2 
Reflectance from outer surface = beeerg (6-1) 
nj +Nog 
a na-nj\2 
Reflectance from inner surface = ee ; (6-2) 
na+n] 


Setting the two reflectances equal to each other allows us to solve for the refractive index 
of the antireflection coating”: 


np =Vnon2. (6-3) 


If the condition in Eq. (6-3) is true, then the intensity of light reflected at each surface 
will be the same. To achieve a 180° phase difference between the two reflected waves, the 
thickness of the antireflection coating should be one-quarter of the wavelength of light in 
the coating (= 1/4 A,/nz). When these two conditions are met, the reflection of light of 
wavelength A, will be nearly zero. Such a simple coating is tuned to operate only near 
Ao. Other wavelengths will not have zero reflection. Table 6.1 lists some candidate anti- 
reflection coating materials. 





Example: Quarter-wave antireflection coating for ZnS. What should be the 
thickness and refractive index of an antireflection coating for ZnS with maximum 
transmission at 10 um? The refractive index is given by Eq. (6-3), where n2 is the 
refractive index of zinc sulfide (2.2) and ng is the refractive index of air (1): 


nj = \ (1)(2.2) = 1.48. 
The thickness should be one-fourth of the wavelength of light in the coating: 
Thickness = !/4 Ag/ny = 1/4 (10 um) / (1.48) = 1.69 um. 


Table 6.1 tells us that SiO2 or ThF4 are candidate coating materials, because each has a 
refractive index near 1.48. Thorium compounds are radioactive and are being phased out. 





*Closed-form equations exist for designing 1-, 2- and 3-layer antireflection coatings.4-6 
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Table 6.1. Potential antireflection coating materials” 


Material Infrared refractive index Useful wavelength range (uum 
AIF3 1.31 ?- 11 
Fluorocarbon polymer 1.35 2-7 
MgF2 1.35 0.11 -9 
LaF3 1.35 2-12 
HfF4 1.36 ?-12 
YF4 1.37 2-12 
ZrF4 1.40 2-12 
BaF2 1.40 <0.2 - 14 
$102 1.44 0.2 - 4.5 
ThF4 1.5 0.26 - 12 
NdF3 1.58 ?-? 
Alg03 1.6-1.7 0.17 - 6.5 
MgO — 1.68 0.23 - 9 
SiO 17 0.55 - 8 
PbF2 1.7 0.25 - 17 
ThO? 1.74 Vet 
Y203 1.9 0.3 - 12 
ZrO2 1.9 7-13 
HfO» 1.95 ?-13 
Diamondlike carbon (DLC) 1.9-2.6 ?->25 
CeO? ZA 2-14 
AIN 2A ?-11 
ZnS 2.2 0.35 - 14.5 
Diamond 2.4 0.25 - >100 
Znse 2.4 0.5 - 20 
As7S83 2.41 0.6 --13 
SiC 2.67 0.5 - 10 
As7Se3 2.79 0.8 - 18 
GaP 2.90 0.6 - 12 
GaAs 32) 1-16 
Si 3.44 1.1 - >100 
Ge 4.10 1.8 - 23, 





*References 7 and 8 provide information on AIF3, LaF3, HfF4, YF4, ZrF4 and 
fluorocarbon polymer as coating materials. 


Figure 6.2 shows a midwave antireflection coating on silicon tuned for optimum 
transmission near 4.5 tum. Excellent broadband antireflection behavior can be achieved 
with multilayer designs. !-3.9 Figure 6.3 shows a two-layer design used to reduce the 
reflection of a ZnSe CO? laser window below 0.06% at 10.6 pm.!0 
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Fig. 6.2. Spectrum of silicon with and without a midwave antireflection coating. 
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Fig. 6.3. Spectrum of ZnSe laser window with two-layer antireflection coating that 
reduces reflection to <0.06% at 10.6 um.!0 


A coating with a continuously graded refractive index reduces reflection over a wide 
range of wavelengths and up to fairly high angles of incidence. The left side of Fig. 6.4 
shows the profile of a coating with 16 layers that approximate a continuously graded 
refractive index.!! Bach layer was made by co-evaporating different proportions of ZnSe 
(n = 2.4) and ThF4 (n = 1.5). The greater the proportion of ThF4, the lower the refractive 
index of the layer. The right side of Fig. 6.4 shows the observed excellent broadband 
antireflection performance of the graded coating from visible through long wave infrared 
wavelengths. The infrared reflectance of this coating does not increase significantly until 
the angle of incidence exceeds 60°. 
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Fig. 6.4. Left: Profile of a multi-layer antireflection coating that approximates a 
continuously graded refractive index. Right: Measured performance of the multi-layer 
coating on a 2-mm-thick ZnSe window.!! 


6.1.1 Moth eye surfaces 


Another way to reduce reflection from a surface is with a "moth eye” structure, which 
effectively grades the refractive index between that of air and the coating material. Figure 
6.5 shows a moth eye surface on diamond.!2 Such surfaces on optical elements were 
discovered in moths!3 and have been designed into man-made structures to reduce 
reflection.!4 In Fig. 6.5, the multilayer structure with a flat diamond surface has a 
reflectance of about 18% at 10 um, which is dominated by the single-surface reflectance 
from the front face of the outer diamond layer (15%). When the flat diamond outer surface 
is replaced by a moth eye structure, reflectance is reduced to 7% at the design wavelength 
of 10 um. 


The moth eye diamond surface was created by first etching a reverse moth eye 
structure into silicon by lithographic techniques. Then diamond was grown on the etched 
surface by chemical vapor deposition. When the silicon was dissolved, the remaining 
diamond had a moth eye structure. An antireflection surface on GaAs can be fabricated by 
etching a series of steps into the surface to simulate a moth eye structure. !6 


Moth eye structures are feasible for infrared wavelengths, because we can etch features 
with micron-size dimensions. It would be considerably more difficult to create features 
whose dimensions are tenths of a micron for visible wavelengths. For microwave 
radiation, with wavelengths of centimeters or millimeters, moth eye structures are 
employed on the walls of anechoic test chambers to reduce reflection. These chambers are 
used to measure radar reflections from test objects without complication by extraneous 
reflections from the walls of the chambers. It is also possible to put a conventional 
quarter-wave antireflection coating on microwave optical elements, as shown in Fig. 6.6. 
The principle of operation of this coating is the same as that of the infrared coating in 
Fig. 6.1. 
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Fig. 6.5. Upper: Electron micrographs of moth eye surface on diamond film.!21° 
Lower: Reflectance spectrum of flat diamond coating on germanium and moth eye 
diamond coating on germanium. (Courtesy A. Harker, Rockwell Science Center.) 
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Fig. 6.6. Performance of an antireflection coating at microwave frequencies.!7 The 
refractive indexes (nm) were measured at 72 GHz. The Al203 antireflection coating has an 


absorption coefficient of 0.093 cm“! at 72 GHz. 


6.1.2 Interference fringes for measuring coating thickness 


Figures 6.5 and 6.6 both exhibit interference fringes arising from multiple reflections 
within the antireflection coatings, as shown in Fig. 6.7. Whenever the reflected and 
unreflected rays are in phase, maximum transmittance is observed. This phenomenon is 
the same as the etalon effect described in Section 1.3.2. Knowing the refractive index (n) 
of the coating, we can calculate its thickness from the period of the oscillations in the 


transmission or reflectance spectrum. 
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Fig. 6.7. Interference 
fringes: A maximum occurs 
when the reflected ray 
interferes constructively with 
the unreflected ray. 
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If N maxima occur between wavenumbers V2 and V7, then the thickness of the 
coating is” 


; N i wer : _ 
Thickness = an oe ; -) (using normal incidence light). (6-4) 





Example: Thickness of diamond coating. How thick is the flat diamond coating that 
gives a strong interference pattern in Fig. 6.5? The maximum labeled 0 is at 7.15 um 
(1399 cm7!) and maximum designated 13 is at 13.05 um (766 cm7!). Appendix C lists a 
refractive index of 2.38 for diamond in this region of the spectrum. Now we have enough 
information to use Eq. (6-4): 


13 1 
2(2.38) \1399 cm-! - 766 cm-! 





Thickness = = 1.73x 10°39 cm = 17.3 um. 


The diamond layer is calculated to be 17.3 tm thick. 


Measurement of thickness by interference fringes can be done after coating an article, 
or in real time during deposition. Another way that coating thickness is controlled during 
deposition is with a quartz oscillator microbalance. This is a quartz crystal whose natural 
oscillation frequency changes in response to mass deposited on its surface. Such a crystal 
can be coated in a deposition chamber and used to calibrate the deposition rate as a 
function of power, pressure, efc., in the growth chamber. 


6.1.3 Adherence of coatings 


Rudimentary standards for adherence of coatings are given in such documents as U.S. 
Military Specification MIL-C-675C, which deals with magnesium fluoride antireflection 
coatings on glass. For example, the coating shall show no evidence of flaking, peeling, 
cracking or blistering after exposure to 95-100% humidity at 49°C (120°F) for 24 h, or 
after immersion in a sodium chloride solution (45 g/L) at room temperature for 24 h. It 
must also withstand 24 h of a salt spray fog test. An abrasion test requires that the 
coating not be damaged when a standard pencil eraser is rubbed across the surface for 20 
cycles (40 strokes) with an applied load of 10 N. The standard test of adherence is that the 
coating remain attached to its substrate when a piece of cellophane tape is pressed firmly 
to the coating and then pulled off quickly at an angle normal to the surface. Endurance of 
other optical coatings for external use may be specified in terms of surviving windshield 
wiping with an abrasive solution, impact by raindrops or impact by sand particles 
without exceeding an allowed transmission loss. 


6.1.4 Emittance from coatings 


Antireflection coatings are usually thin enough so that they do not absorb very much 
light. Nonetheless, Fig. 2.14 showed that just a few percent emissivity in the midwave 


region could have a significant effect on the signal-to-noise ratio from an infrared sensor 
at elevated temperature. 





*An analysis that is more complex than Eq. (6-4) uses the fringe pattern to find the 
refractive index, absorption coefficient, thickness and surface roughness of the coating.!8 
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Little published data exist on emittance from antireflection coatings. Fig. 6.8 shows 
the absorptance of a sapphire window coated on both sides with an unspecified 
antireflection coating. Just to refresh your memory, absorptance is the fraction of 
incident light that is absorbed. Emittance will be equal to the absorptance. The broad 
band near 2.9 um is attributed to water loosely bound to the coating. Baking the window 
at 300°C in vacuum removes the absorption band, but it reappears if the window is kept 
in humid air. The three sharp features near 3.4 [im are attributed to hydrocarbon impurity 
in the coating. These features are not lost upon heating in vacuum. The net result is that 
this particular coating adds about 1% emittance to the sapphire window in the midwave 
infrared region. 


Antireflection coatings are usually just a few microns thick. Erosion protection 
coatings discussed in the next chapter are typically tens of microns thick and can therefore 
be a significant source of emittance. 
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Fig. 6.8. Absorptance of coated and uncoated sapphire at 20°C. (Courtesy L. Hanssen 
and S. Kaplan, National Institute of Standards and Technology.) 


6.1.5 Rugate filters 


A Rugate filter is an optical filter with a sinusoidally varying refractive index 
designed to transmit most frequencies but to block (reflect) one or more narrow regions of 
the spectrum. A Rugate filter could be used to permit a broad band of wavelengths to 
enter a detector while filtering out a few strong laser wavelengths that could incapacitate 
the detector. 


The sinusoidal refractive index is created by depositing a coating with varying 
proportions of two target materials, such as ZnS and ZnSe, by laser flash evaporation 
under exquisite computer control. As an example, Fig. 6.9 shows the design of a filter 
with 50 cycles of coating intended to reject radiation at 1.05 um. Each cycle of the sine 
wave is composed of 32 layers of different composition, giving 1600 distinct layers in the 
coating, which is only 11.1 wm thick. 


204 Materials for Infrared Windows and Domes 


REFRACTIVE INDEX 
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Fig. 6.9. Coating design for rejection of 1.05-~1m radiation by a Rugate filter. Each of 
the 50 cycles of refractive index variation in this coating is composed of 32 individual 
layers. 


To reject the wavelength A,¢;, each cycle of the coating should have a thickness of t 
= Ayej!(2ngy), where ngy is the average refractive index of the coating. The refractive 
index of the coating will be given by n(z) = ng, - An cos(2%z/t), where z is the depth in 
the coating and An is the maximum index excursion from the mean. In Fig. 6.9 the 
horizontal axis is Z, Ngy = 2.365, An = 0.15, and t = (1.05 m)/(2*2.365) = 0.222 Um. 
The 50-cycle structure has a thickness of 50¢ = 11.1 um. 


The predicted and actual performance of the Rugate filter are shown in Fig. 6.10.29 
If you want to reject several narrow wavelengths, you would need to superimpose 
sinusoidal oscillations of the refractive index for each of the rejection wavelengths. 
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Fig. 6.10. Performance of the Rugate filter whose design is shown in Fig. 6.9.29 
The layers were deposited on a ZnS substrate. The performance was similar when the 
same layers were deposited on KCI or polycarbonate substrates. 
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6.2 Stress in coatings 


Most coatings are deposited with as much as 100-1000 MPa of intrinsic stress that 
may be tensile or compressive. Stress arises from such factors as lattice mismatch 
between coating and substrate, thermal expansion mismatch, growth morphology and 
glass formation due to rapid cooling. Deliberate effort is required to minimize the stress 
in a coating by altering growth conditions. Table 6.2 shows the measured stress in some 
quarter-wave antireflection coatings evaporated onto fused silica.2! Zinc sulfide is highly 
compressive, PbF2 is almost unstressed, and the other coatings are in tension. 


Table 6.2. Stress in antireflection coatings for 0.63 um wavelength on fused silica! 


Material __—=——SThickness(nm) __Stress(MPa) ___—_—_—sSttresstype 
ZnS 68 | 180 Compressive 
PbF2 91 5 Compressive 
Na3AlF¢6 (Cryolite) 117 25 Tensile 
ThOF> 109 160 Tensile 
MgF2 115 340 Tensile 





One way to create compression or tension is to deposit a coating with different 
thermal expansion from the substrate. Suppose a coating of low thermal expansion is 
deposited at 400°C on a substrate of high thermal expansion. As the coated sample cools, 
the substrate contracts more than the coating. If the coating adheres to the substrate, the 
contracting substrate compresses the coating, which therefore cools with compressive 
stress. The substrate, in turn, is in a tensile state induced by the coating. The right side 
of Fig. 6.11 is a greatly exaggerated view of this state of affairs. If the situation had been 
reversed and the coating had a higher thermal expansion than the substrate, the coating 
would end up in tension, as on the left of Fig. 6.11. The mean stress in the substrate in 
both cases is much less than the mean stress in the coating because the substrate is much 
thicker than the coating. 


We can calculate the stress in an isotropic film due to its thermal expansion 
mismatch with an isotropic substrate.22-24 Suppose that the film is deposited at 


Coating in compression 


Coating in tension 


Substrate 





Fig. 6.11. Exaggerated view of curvature resulting from stress in thin coating. 
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temperature JT in a stress-free condition. Suppose also that the film adheres strongly to 
the substrate so it is locked into position at the interface as the two cool down. When the 
substrate cools to temperature 7>, it shrinks by the amount @,AT7, where a, is the 
expansion coefficient of the substrate and AT = 7 - T,. If it were not attached to the 
substrate, the film would shrink by the amount a AT, where ay is the expansion 
coefficient of the film. In fact, because of its strong adherence to the much thicker 
substrate, the film shrinks by the same amount as the substrate, which is @, AT. The 
strain in the film will be f= (@¢- @,)AT = AQAT. The stress in the film is equal to 
the strain times an appropriate modulus, which is the biaxial modulus given by 
Eg/(1 - vg), where Eris Young's modulus for the film and v¢ is Poisson's ratio for the 
film. The net result is that the stress in the film, Of, due to its thermal expansion 
mismatch with the substrate is 


_ Ef AaaT a: 
Of = (1 - vp : . (6-5) 





Example: Expansion mismatch stress. Suppose that an isotropic coating with a 
thermal expansion coefficient of 6.0 x 10-6 K-! is deposited at 400°C on a substrate with 
an expansion coefficient of 5.0 x 10-° K-1, For the coating, Young's modulus is 100 
GPa and Poisson's ratio is 0.25. If the only stress in the coating arises from the different 
expansion coefficients, what will be the stress at 25°C? Putting values into Eq. (6-5) 
gives the stress: 


(100 GPa)(1.0 x 10-6 K-!)(375 K) _ 
(1 - 0.25) = 50 MPa . 


The thin coating will have a stress of 50 MPa when it cools to 25°C. 


Is the coating in tension or compression? The substrate has a smaller expansion 
coefficient than the coating, so the substrate contracts less than the coating when the part 
cools down. Therefore the stress in the coating is tensile, because the substrate is trying 
to stretch the coating to larger dimensions when they cool. If the expansion coefficient of 
the coating were smaller than the expansion coefficient of the substrate, the coating would 
be in compression when the two cool down. 





In general, there can be other large stresses besides thermal expansion mismatch 
stress in a coating. It is not easy to predict these other stresses; their magnitude and sign 
are dependent upon film deposition conditions. 


We can calculate the deflection of the substrate, A, in Fig. 6.11 from the stress in the 
film. If the circular substrate disk has Poisson's ratio Vs, Young's modulus E,, diameter 


D and thickness d, then the deflection is2! 


A = 2 - vs) t D2 of 


4 Ed? (6-6) 


where t is the thickness of the coating and Of is the stress in the coating. 
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Example: Deflection of a coated disk. Let's calculate the deflection at the center of a 
ZnSe disk with a thin compressive coating of ZnS. Suppose that the disk diameter is 50 
mm and its thickness is 2.0 mm. Let the coating thickness be 20 um and suppose that it 
has the same stress as the coating in Table 6.2 (180 MPa). With E, = 70 GPa and vs = 
0.28 for ZnSe, we use Eq. (6-6) to find the deflection, A, in Fig. 6.11: 


A = 3(1=0.28) (20 x 10-6 m) (0.0050 m) (180 x 10° N/m?) _ 9 4. 7 
- 4 (70 x 10? N/m2) (0.0020 m)2 ; 


The deflection of this window by this coating is negligible for long wave infrared 
applications. Thicker or more stressed coatings on windows with a smaller thickness-to- 
diameter ratio can cause significant optical distortion, especially at visible wavelengths. 





Coatings can have significant effects on the mechanical properties of windows. 
Section 7.8.1 cites examples in which coatings increase flexure strength. Table 6.3 gives 
examples in which 1-jim-thick coatings of silicon nitride or alumina increased the 
indentation fracture toughness of a variety of substrates.2>>2© The compressive stress in 
the silicon nitride was approximately 1.5 GPa. In addition to increasing strength and 
toughness, hardness can also be increased by compressive stresses induced by ion 
implantation at the surface of a material.27-31 


Table 6.3. Fracture toughness of windows coated with 1 um of Sig3Nq or Aln0327,28 


Substrate Fracture toughness - uncoated Fracture toughness - coated 
(MPaV m) Si3N4 Al,03 

Glass 0.62 1.1 0.77 
Silicon 0.74 1.4 1.0 
Sapphire 1.7 3.4 a2 
Germanium 0.43 1.3 ~ 

ALON 1.43 — 1.9 
Spinel 1.1 ~ 1.7 





6.3 Conductive coatings for electromagnetic shielding 


Very thin electrically conductive coatings can be transparent at visible and infrared 
frequencies, but opaque to microwaves and radio waves. Such coatings are used on domes 
and windows to shield sensitive optical and infrared detectors against harmful 
electromagnetic interference.32 Common approaches to shielding include coating the 
optical window with an electrically conductive layer, covering the window with a metallic 
mesh, or doping the bulk window material to make it conductive. 


Electrical resistivity, p, is a property of bulk material that relates the electrical 
resistance to the geometry of a specimen. A sample with cross sectional area A and 
length L (Fig. 6.12, left) will have a resistance, R, given by 
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Fig. 6.12. Geometries for resist nce of bulk material (left) and thin film (right). 


Redictiice-= Re oa (6-7) 


The greater the length and the sn aller the cross section, the greater the resistance. Units 
of resistance are ohms (QQ) and units of resistivity are Qem. Now consider the thin, 
square sheet of conductive coal ng in Fig. 6.12 (right) with thickness h and sides of 
length L. Resistance measured a :ross the length is called the sheet resistance or surface 
resistance: 


: ae _pxiength pl =p : 
Sheet resistance = Ry, = nee a aes (6-8) 


The resistance across a square section of the thin layer is constant (p/h), regardless of the 
size of the square. Sheet resistance has units of ohms, but we usually call it "ohms per 
square” (€2/CQ) to recognize it as sheet resistance. 


Now consider the thin metallic film with thickness 4 and sheet resistance R, on the 
nonconductive infrared window with thickness d and dielectric constant € in Fig. 6.13. 
(The values of R, and € must apply at the frequency of radiation being shielded. In 
general, the radio frequency dielectric constant of a window is different from the infrared 
dielectric constant.) The shielding effectiveness, SE, is a logarithmic measure of the 
ability of the coating to prevent penetration of the radio frequency field. If the incident 
radiant power is P, and the transmitted power is P, the transmittance is 


Conductive coating 
Sheet resistance = A, 
,¥ 


conductive coating on 


Fig. 6.13. Thin 
d 
( a transparent window. 





Infrared window 
Dielectric constant = € 
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Transmittance = - = 109°S8/10 | (6-9) 
0 


Equation (6-9) says that a shielding effectiveness of 10 reduces transmittance to 10% and 
SE = 30 reduces transmittance to 0.1%. We say that the dimensionless shielding 
effectiveness has units of decibels, dB. In general, shielding arises from a combination of 
reflection and absorption of the incident radiation. 


The shielding effectiveness for perpendicular incidence of electromagnetic radiation 
lies between the limits in Eqns. (6-10a) and (6-10b):33.34 


SE (A/2) = 20 log ¢ + ee?) (6-10a) 
§ 
1+e 188.5 
SE (A/4) = 20 log (— =" + ——=)}. (6-10b) 
r- aa) 


The limit in Eq. (6-10a) applies to a window thickness d (Fig. 6.13) of A/2, A, 3A/2, 2A 
etc., where A is the wavelength of incident radiation. The limit in Eq. (6-10b) applies to 
window thicknesses of A/4, 3A/4, 5A/4, 7A/4, etc. A further condition for Eqns. (6-10) 
to be valid is that the coating thickness h must be small compared to the skin depth. 


Skin depth, 6, is a measure of the attenuation of electromagnetic radiation in a 


conductor. The oscillating electric field decreases by the factor e/ o when it penetrates a 
distance z into the conductor. You might recognize that skin depth is proportional to the 
reciprocal of the absorption coefficient for electromagnetic radiation. For a coating with 
sheet resistance R, and thickness h, the skin depth is 


2Ryh 
OU 





Skin depth = 6 = (6-11) 


where @ is the angular frequency of the radiation (= 2% x frequency) and pu is the magnetic 
permeability of the coating. For nonmagnetic materials, 4 equals the permeability of free 
space, which is 4x x 10°7 henry/m. (The quantity R, h is the resistivity of the coating 
material, which is also the inverse of the conductivity of the coating material.) For 
example, for Ry = 10 Q/Q and h = 10 um, the skin depth for 100 MHz radiation is 


: | 2 (10 Q/Q) (10 x 10-6 m) 
o = fo ne oO te et ee eee ee z -4 1 
(27 x 108 s-!) (4x x 10-7 henry/m) Saver roo (12) 


Henrys and ohms are compatible with SI units, so the answer comes out in meters. 


Both parts of Eq. (6-10) are plotted in Fig. 6.14 for an infrared window with a 
dielectric constant of 4, which is representative of the dielectric constant of glass or silica. 
Experimental data from three sources are also superimposed on the graph.33.35,36 We 
see that the radio frequency field is strongly attenuated by a thin coating with a low sheet 
resistance. For example, for Rs = 10 Q/Q, the shielding effectiveness lies between 20.6 
and 26.0 dB, and the radio frequency transmission lies between 10-29-6/10 = 9.87% and 
10°26.0/10 = 9.25%. The greater the conductivity of the coating, the lower the sheet 
resistance and the greater the shielding effectiveness. 
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Fig. 6.14. Shielding effectiveness of a thin conductive coating on an infrared window 
of dielectric constant € = 4, which is representative of a glass or silica substrate. Points 


show experimental data.33,39,36 


The problem with some coatings that are too conductive is that they absorb the 
infrared or visible radiation that they are meant to pass. Table 6.4 gives the performance 
of a commercial conductive coating used for plastics that must shield against radio 
frequencies while passing visible light. As the surface resistance of the coating decreases 
from 20 to 2 Q2/U, the visible transmission decreases from 81 to 40%. Note also that 
the shielding effectiveness decreases as frequency increases. 


Another set of commercial coatings for ZnS or sapphire from Rafael in Israel is 
reported to provide >75% average transmission in the 3.5-5 [um range for a sheet 
resistance of 30+ 5 Q/Q. A coating on ZnS provides >70% average transmission in the 
8-11.5 Um region for a sheet resistance of 15 + 2 QO/L. 


Table 6.4. Performance of an electromagnetic shielding coating for plastics” 


Sheet resistance Visible transmittance 4 Frequency Attenuation (dB) 
(Q/Q) (%) (MHz) for 4 O/Q coating 
2 40 0.01 146 
3 55 0.1 128 
4 62 1 108 
6-8 72 10 88 
10-12 78 100 65 
14-20 81 1000 48 


“OCC-20 coating sold by Optical and Conductive Coatings, Pacheco, California. 
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Fig. 6.15. Left: Effect of bulk resistivity of Ge on infrared absorption at wavelengths 
of 8, 10 and 12 um. (Data from Eagle Picher Electro-Optic Materials Catalog.) Right: 
Absorption coefficient of n-type GaAs from Amorphous Materials, Inc. and other sources 
at 10.6 um as a function of resistivity.39 


An approach to electromagnetic shielding by infrared-transparent semiconductors is to 
dope the material to increase its conductivity. Germanium aircraft windows doped with 
antimony have low resistivity and provide good shielding. Doping increases the infrared 
absorption at 300 K (Fig. 6.15), but may actually decrease the infrared absorption at 
elevated temperature (400 K).37:38 In Ge, n-type doping leads to less infrared absorption 
than p-type doping.2’ Figure 6.15 also shows the effect of doping on the absorption 
coefficient of n-type GaAs.3? Conductive GaAs produced by Raytheon Systems Co. 
provides 60 dB of shielding in the 10-1000 GHz range and 30 dB in the 0.1-10 GHz range 
for thicknesses on the order of 1 cm. The absorption coefficient near 10 pm is 0.02 cm=! 
and the material has low infrared absorption up to at least 200°C. Figure 6.16 shows the 
frequency dependence of electromagnetic attenuation by doped GaAs. 
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Still another way to achieve electromagnetic shielding while 
retaining infrared transparency is to cover a window or dome with 
a conductive metal mesh created by lithographic techniques. A Sateestecsisentsents 
relatively coarse mesh blocks radio waves but allows infrared Se 
radiation to pass through the openings between the wires. The BREE eee 
thickness and width of the wires and the size of the openings 
determine the electromagnetic shielding characteristics. A given 
design has a wavelength at which it provides optimum shielding. 
If the metal covers 20% of the area, the maximum usable infrared 
energy transmitted through a coarse mesh is 80%. In general, 
diffraction effects lower the fraction of usable infrared energy 
below the fraction of open area. 


















Conductive mesh 
with square 
openings 













Undesirable features of meshes include blockage of the infrared signal, reflection of 
stray light by the mesh, diffraction, and poor rain and sand erosion resistance. The 
erosion problem has been addressed by burying the mesh in the window as illustrated in 
Fig. 6.17.4! The AlyO3 overcoat is quite durable and the mesh is no longer exposed to 
an erosive environment. 


Coat with Expose lon etch Coat with Au Remove Overcoat 
photoresist photoresist with AlbO3 


Pee etter) 
Sapphire 
window — 


Fig. 6.17. Steps in the fabrication of a buried gold mesh.4! 





Figure 6.18 shows a resonant mesh,42 in which metal covers most of the surface of 
a zinc sulfide window. The hexagonal array of holes whose dimensions and spacing are 
similar to the wavelength of infrared radiation creates interference effects in which certain 
infrared wavelengths are transmitted well and others are reflected. The spectrum shows a 
peak in transmission near 8.5 um, with 40-50% transmission elsewhere. The shielding 
effectiveness is 30 dB at 10 GHz. 
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Fig. 6.18. Resonant mesh 
made of 0.1-pm-thick Al 
deposited on ZnS window.42 
The hexagonal array of circular 
holes (d = 4.0 um, g = 4.5 
lim) gives an infrared trans- 
mission maximum at 8.5 um, 
while rejecting 99.9% of 10 
GHz radiation. Transmission 
in this figure only refers to the 
mesh and does not include 


absorption and reflection by the 
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Chapter 7 
EROSION AND EROSION PROTECTION 


One of the greatest challenges in the use of infrared windows and domes 1s to protect 
them from damage by particle impact. Collisions with raindrops are a problem at the 
velocities of airplanes and missiles. Figure 7.1 shows the damage to a missile dome after 
traversing a rainfield on the rocket sled in Fig. 7.2.1 Bug impacts at high speed can also 
damage infrared windows (Fig. 7.3) Blowing sand is harmful in high or low speed 
collisions. This chapter describes the effects of rain and sand impact, discusses laboratory 
erosion tests, and reviews work on coatings used to improve window durability. 





Fig. 7.1. Waterdrop impact damage on Corning 0160 glass missile dome that traversed 
a 760-m-long artificial rainfield (4.6 cm/h rainfall rate, average drop diameter <0.5 mm) at 
Mach 1.4 on the rocket sled in Fig. 7.2.1 Notice that damage is concentrated at the center 
where the impact angle is near normal. [Photograph courtesy Naval Air Warfare Center, 
China Lake. ] 
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Fig. 7.2. Upper: Dome mounted on a rocket sled at the Supersonic Naval Ordnance 
Research Track at the Naval Air Warfare Center at China Lake. Lower: Spray heads used 
to create artificial rainfield. [Photographs courtesy Naval Air Warfare Center, China 
Lake. ] 
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Fig. 7.3. Bug impact damage in a composite ZnS/ZnSe LANTIRN window.2 
[Courtesy Nora Osborme, University of Dayton Research Institute. ] 


A report on failure mechanisms in condemned LANTIRN windows is instructive. 
LANTIRN is a Low-Altitude Navigation Targeting InfraRed Night pod system carried by 
aircraft for navigation and targeting. The navigation pod has a trapezoidal Tuftran® 
window (Section 5.3.1) with approximate dimensions 119 x 150 mm consisting of 6.6 
mm of ZnSe overgrown with 1.0 mm of ZnS deposited by chemical vapor deposition. 
There are antireflection coatings on both sides of the window. A report issued in 1992 
stated that of 1100 windows delivered to the U.S. Air Force, ~200 had been condemned 
and removed from service. Of the condemned windows, 68 were inspected to find the 
cause of damage. Two thirds of the 68 windows had experienced catastrophic failure, 
often with multiple types of damage evident. 28% of the windows had moderate to severe 
sand erosion, 14% had moderate to severe rain erosion, 29% had obvious bug strikes and 
13% of all failures were directly attributed to bug strikes. 42% of the windows had 
surface discoloration or etching attributed to attack by chemicals in the atmosphere. 


The LANTIRN window has some residual stress (<10 MPa) because of the thermal 
expansion mismatch between ZnSe and ZnS. Clamping the window into its frame 
increases the stress to as much as 25 MPa. Long-term, low-level stress can cause 
subcritical cracks to grow (Sections 3.3.2 and 8.6) and thereby weakens the window. 
Rain and particle impacts can extend the subcritical cracks or can cause catastrophic failure 
by adding to the static stress in the window. 


218 Materials for Infrared Windows and Domes 


7.1 Rainfall characteristics 


Natural rain has a distribution of drop sizes shown in Fig. 7.4.3-5 For a rainfall rate 
of 2.54 cm/h, the most probable raindrop size (weighted by volume) is approximately 2.1 
mm. For a rainfall rate of 2.54 mm/h the most probable drop diameter is 1.2 mm. 
Figure 7.4 gives us some indication why 2.0 mm is frequently chosen as a standard drop 
size for erosion tests. 
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An idealized distribution of raindrop sizes, taken from Marshall and Palmer,’ follows 
the equation 


N = 8000e~4-1d/R°-2! 5 (7-1) 


where N is the number of drops per cubic meter in the size range d to d + dd, d is the drop 
diameter in mm, dd is the size range in mm, and R is the rainfall rate in mm/h. 





Example: Raindrop size distribution. How many drops per cubic meter are there in 
the size range 2.0-2.2 mm and 4.0-4.2 mm if the rainfall rate is 25.4 mm/h? Ea. (7-1) 
with d = 2.0 mm, dd = 0.2 mm and R = 25.4 mm/h gives 


N = 8000e-4-1(2.0)(25.4)°-21(q 9) = 25.9 drops/m? . 
For d = 4.0 mm, we find N = 0.39 drops/m? 


What is the volume of raindrops per cubic meter in the two size ranges? The volume 
of a sphere of diameter d is xd3/6. Therefore the volume of drops in the 2.0-2.2 mm 
range is approximately (25.0 drops/m*)[x(2.1 mm)3/6] = 121 cubic millimeters per cubic 
meter, which is 0.121 cubic centimeters/m? or 0.121 mL/m>. (The conversion factors 
are 1 mm> = 0.001 cm? and 1 cm3 = 1 mL = 1 milliliter.) For this estimate, we used 
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2.1 mm as the mean diameter of the drop. The volume of drops in the 4.0-4.2 mm range 
is approximately (0.39 drops/m>)[n(4.1 mm)?/6] = 0.014 mL/m?3. 


Now consider raindrops with diameter d mm falling at a precipitation rate of R 
mm/h. Each drop reaches a terminal velocity v; m/s that is given approximately by? 
v; (m/s) = 9.65 - 10.3 e79-6 4, where d is the diameter in mm. Imagine an optical 
window with cross sectional area A (cm? normal to the velocity vector) traveling through 
this rainfield at velocity V m/s for a period of t seconds. The number of raindrop impacts 
on the window is? 


RVAt 


6m d3 vy a 


Impacts = 


Equation (7-2) is derived by considering the number of drops in the volume swept out by 
the window in time ¢t. The 6 in the denominator takes into account conversion between 
cm, mm, h and s in the various parameters. Table 7.1 gives representative results. 


Example: Raindrop impacts in an artificial rainfield with 2 mm drop size. How 
many impacts per minute are expected for a 2.54-cm-diameter window traveling at 250 
m/s through a 15 mm/h rainfall consisting of 2-mm-diameter raindrops? The terminal 
velocity for 2-mm raindrops is v; (m/s) ~ 9.65 - 10.3 e~(9-6)(2) = 6.55 m/s. Equation 
(7-2) then gives us the number of impacts: 


(15) (250) (m 1.27%) (60) 
= = 1150. 
aupeth 6 t 23 (6.55) 


This corresponds to 3.8 impacts per second per square centimeter. 





Table 7.1. Raindrop impacts? as a function of drop diameter for a rainfall rate of 25.4 
mm/h and vehicle speed of 340 m/s 


Drop diameter (mm Terminal velocity (m/s Impacts/s/cm2* 
0.25 0.945 31000 
0.75 3.07 355 
1.25 4.77 49.2 
1.75 5.98 14.3 
2.25 6.99 5.75 
2.75 | 7.76 2.84 
3.50 8.52 1.25 
4.50 9.01 0.56 
5.50 9.17 0.30 


Heenan errr eeee reece eee eee ee eee eee eee eee ee eee eee eee i ey 
“Impacts per second per square centimeter of surface normal to the direction of travel. For 


different conditions, the number of impacts/s/cm2 is proportional to the vehicle speed and 
rainfall rate [Eq. (7-2)]. 
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Table 7.2. Raindrop impacts’ at a vehicle speed of 340 m/s for natural rainfall3 


Drop diameter 2.54 mm/h re | —-”95.4 mm/h rainfall fe Gen eee 
mm Volume % _Impacts/s/cm2 Volume % Impacts/s/em2 


0-0.5 ; 62.1 0.4 124 
0.5-1 5.68 3.8 13.5 
1-1.5 1.74 12.6 6.20 
1.5-2 0.373 22.7 3.24 
2-2.5 0.0696 Zio 1.34 
2.5-3 0.0148 15.6 0.44 
3-4 0.0035 16.2 0.203 
4-5 0.00012 4.2 0.0234 


5-6 1.1 0.0033 





*Impacts per second per square centimeter of surface normal to the direction of travel. 


Table 7.2 gives impact calculations that take into account the distribution of drop 
sizes in natural rainfall. We see that the number of collisions with relatively harmful 
large raindrops is much less than the number of collisions with small drops. 





Example: Impacts in a natural rainfield. How many impacts per minute with 1- to 
1.5-mm-diameter raindrops are expected for a 2.54-cm-diameter window traveling at 250 
m/s through a 25.4 mm/h rainfall? How many 4- to 5-mm-diameter drops will strike the 
window in the same period? Table 7.2 tells us that the number of impacts/s/cm for 1- 
to 1.5-mm-diameter raindrops is 6.20, if the vehicle speed is 340 m/s. For a speed of 250 
m/s, the impacts will be reduced to (250/340)(6.20) = 4.56 impacts/s/em2. The window 
has an area of  X 1.272 = 5.07 cm2, which will receive 5.07 x 4.56 = 23.1 impacts/s or 
1390 impacts/min. Table 7.2 says that the ratio of impacts by 4- to 5-mm-diameter 
drops compared to impacts by i- to 1.5-mm-diameter drops is 0.0234/6.20. Therefore the 
number of impacts of 4- to 5-mm-diameter drops on the same window is 
(0.0234/6.20)(1390) = 5.2 impacts/min. 





7.2 The raindrop impact event 


Collisions with raindrops at sufficient velocity can damage or even break a window 
or dome. Long wave window materials such as ZnS and Ge are especially susceptible to 
damage that slowly accumulates during a lifetime of occasional encounters with clouds 
and rain at subsonic aircraft speeds. 


Figure 7.5 shows the effect of a single 2.3-mm-diameter raindrop impacting a ZnS 
window at a speed of 540 m/s (Mach 1.6"). The top view shows the characteristic impact 
crater with rings of damage surrounding a relatively undamaged central area. The side 
view shows cracks radiating down into the bulk from the surface. The bottom view is a 
surface profile showing the crater rim and the crack system. The circular damage pattern 


“Table 4.4 gives the speed of sound in the atmosphere as a function of altitude. 
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(b) 





Fig. 7.5. Damage on ZnS caused by 2.3-mm-diameter raindrop with impact speed of 
540 m/s.© Upper part of the illustration shows top view of crater seen with reflected 
light. Middle part is a cross sectional view and lower trace is a surface profile. (Courtesy 
W. F. Adler, GRC International.) 





Fig. 7.6. Damage to single-crystal GaAs (left) and Si (right) caused by Mach 1 impact 
of 2-mm-diameter raindrops. Central crater diameter in both cases is approximately 0.2 
mm. (Courtesy P. Klocek, Raytheon Systems Co.) 
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is typical of a polycrystalline material with small, randomly oriented grains. In Fig. 7.6 
we see straight lines that follow crystal cleavage planes when single-crystal materials are 
damaged by raindrops.’ By contrast, glasses may give ill-defined fracture patterns without 
the well-developed ring fractures of ZnS.8 


Propagation of shock waves during the impact event is shown in Fig. 7.7.2-1! In 
the initial stage of impact at the left in Fig. 7.7, compressed liquid rebounds from the 
solid-liquid interface and two shock waves are launched into the solid. The faster 
compression wave (also called the longitudinal wave or dilatational wave or dilational 
wave) spreads down into the solid away from the impact site. It is followed by a slower 
moving shear wave, also called a transverse wave. Approximately 2/3 of the collision 
energy goes into a surface wave, called the Rayleigh wave, which is not shown in Fig. 
7.7. The left side of Fig. 7.7 depicts the initial ("compressible") stage in which the 
shock wave in the liquid trails behind the leading edge of the impact which 1s spreading 
out across the solid surface. The compressed liquid behind the leading edge creates the 
high “water hammer" pressure which is discussed further below. After ~0.1 UUs, the shock 
wave in the liquid overtakes the leading edge and lateral outflow of liquid occurs at the 
solid-liquid interface, as shown for the "incompressible" stage at the right in Fig. 7.7. 
When the shock wave in the liquid reaches the leading edge, a second "release wave" 
propagates back into the liquid drop, reducing the pressure inside the drop. 






Lateral 
outflow 


Release 
wave 





Compression wave Reflected tensile wave 


Compressible Stage Incompressible Stage 


Fig. 7.7. Propagation of shock waves when a spherical water drop impacts a solid 
surface.? Equations for the wave velocities are given in the footnote beneath Eq. (7-8). 


When the compression wave in the solid in Fig. 7.7 strikes the rear (lower) surface of 
the solid, it rebounds back into the solid and changes sign from compression to tension. 
If the energy in the wave is high enough, it could cause material to spall off the back 
(lower) surface of the solid. If the solid is sufficiently thin and the wave velocity is high 
enough, the reflected tensile wave can catch up with the Rayleigh wave on the front 
surface and intensify damage on the front surface (Fig. 7.28). This reinforcement occurs 
in thin (<1 mm) diamond windows, but not in other common materials. 
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Fig. 7.8. A Rayleigh wave on the surface of a solid has both horizontal and vertical 
components. A point on the surface describes an ellipse as the wave passes by. (Adapted 
from Bolt.!2) Equation (7-7) gives the Rayleigh wave velocity. 


Rayleigh waves (Fig. 7.8) are surface waves which spread out in circles away from 
the impact site like ripples on a pond when you throw a rock into the water. Rayleigh 
waves are generated during the compressible stage of impact in Fig. 7.7. The initial 
wavelength of the Rayleigh wave is small because the compressible stage is very short. 
As the wave expands, it loses energy to microcracks in the material, so its amplitude 
decreases. The wave also slows down, so its wavelength increases. The increased 
wavelength is clearly seen in Fig. 7.5, in which the damage rings are tightly spaced near 
the impact and spread apart with increasing distance from the impact. The rings of 
damage in Fig. 7.5 correspond to tensile peaks of the Rayleigh wave in Fig. 7.8. 


In the incompressible stage of impact in Fig. 7.7, lateral outflow of liquid away from 
the base of the water drop occurs. Figure 7.9 shows the appearance of lateral jetting as 
computed by a finite element model of the collision. If the surface of the solid is rough 
or has been roughened by damage from the Rayleigh wave or by nearby impacts, the 
lateral outflow can catch the raised surface and do further damage. : 








fierce Lateral Fig. 7.9. Lateral outflow jetting 
PPA jet of a spherical drop during a collision 
Pri E EEE EOE \ with a solid surface. (Adapted from 






Adler.13) 


The "water hammer" impact pressure where the raindrop strikes the surface of the 
window is!4 


Pressure at center of impact = pcv (7-3) 


where p is the density of the raindrop (1000 kg/m), ¢ is the shock wave speed in water 
(= 1500 m/s + 2v) and v is the impact speed. The duration of this pressure is 
approximately 3dv/4c%, where d is the diameter of the raindrop. The pressure at the outer 
edge of the crater attains a value around three times higher than that in Eq. (7-3) for about 
one-tenth of the duration of the impact.®!4 The contact diameter of the drop with the 
surface is approximately 
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Table 7.3. Impact of 2 mm diameter raindrop with rigid target 


Impact speed Impact pressure Impact duration Contact diameter 
m/s GPa mm 
50 0.08 0.03 0.06 
100 0.17 0.05 0.12 
350 (Mach 1) 0.77 0.11 0.32 
700 (Mach 2) 2.0 0.12 0.48 
1050 (Mach 3) 3.8 0.12 0.58 
. ‘ dv 
Diameter of contact (= crater diameter) = a : (7-4) 


Table 7.3 gives pressure, duration and crater diameter for a range of conditions. 


7.3 Raindrop damage threshold velocity 


Damage threshold velocity is the minimum impact velocity at which damage is 
observed. The damage threshold velocity may be defined in many ways, depending on 
what kind of damage is being monitored. This section discusses many of the damage 
thresholds that have been used. Section 7.4.3 discusses the multiple impact waterjet 
damage threshold velocity, which is one of the most practical thresholds to measure. 


7.3.1. Threshold velocity for fracture or loss of mechanical strength 


Hackworth’ took the threshold velocity to be the lowest impact speed at which 
damage could be detected by examination of the surface at 165x with a Nomarski 


(differential interference) microscope. Using this definition, he reported single drop 
damage threshold velocities in Table 7.4. 


In Fig. 7.5 we see two systems of cracks extending into the sample from its surface. 
The inner system (closer to the center of impact) makes an angle of about 65° with the 
surface. The outer system of longer cracks intersects the surface at 45°. Adler®3.15 calis 
the inner system Type I cracks and the outer system Type II cracks. Figure 7.10 plots the 
penetration depth of the cracks as a function of impact speed of the raindrop. A precarious 
extrapolation to zero depth provides another definition of damage impact velocity as the 
speed at which cracking just begins. 


Table 7.4. Damage threshold velocity for single impacts of 2-mm-diameter raindrops 


Material Threshold (m/s) Material Threshold (m/s) 
ZnS <175 MgF2 (hot pressed) 340-381 
ZnSe 137-152 MgF> (single-crystal) 274-320 

Si (single-crystal) <274 Spinel (single-crystal) <395 


Sapphire . — 457-533 Spinel (fusion cast) <457 


ee a ee 
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Fig. 7.10. Penetration depth for Type I and Type II fractures as a function of impact 
velocity for 2-mm-diameter raindrops on zinc sulfide.? 


Another way to define a damage threshold for raindrop impact is based on loss of 
mechanical strength. Figure 7.11 shows a series of experiments in which the strengths of 
zinc sulfide disks were measured after the disks had been impacted at various speeds. !4,16 
The strength of undamaged or slowly impacted materials is approximately 80 MPa. 
When the impact speed exceeded 125 m/s, the strength began to drop. The residual 
strength after impact at speeds between 150 and 600 m/s is approximately 40 MPa. 


In Fig. 7.11, the strength falls abruptly when the material is impacted once at a 
particular speed. When zinc sulfide is subjected to random, multiple impacts in a 
whirling arm rainfield, the strength falls continuously for impacts in the range 120-210 
m/s. The strength of zinc sulfide after 10 min of impact at 210 m/s in a 2.54 cm/h 
rainfield of 2-mm-diameter drops is about half of the strength of unimpacted ZnS.!7 
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80 


Fig. 7.11. Residual 
strength of zinc sulfide after 
impact by a waterjet with a 
0.8-mm nozzle.14:16 The 
low value of strength (68 
MPa) of unimpacted sam- 
ples in this particular exper- 
iment is not characteristic 
of ZnS and was attributed to 
poor surface finish of the 
unimpacted samples only. 
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At least up to some diameter, damage threshold velocity decreases with increasing 
drop size. For drops of diameter dj and d2, the damage threshold velocities, vj and v2, 
are expected to be approximately inversely proportional to the cube root ‘of drop 
diameter!4: 


v2 _ djMi/3 
a (as) ; | (7-5) 





Example: Damage threshold velocity as a function of drop size. The observed 
damage threshold velocity for 2.2~-mm-diameter waterdrops on zinc sulfide is 160 m/s for 
the initial onset of fracture.!8 To predict the damage threshold velocity for a 3.2-mm- 
diameter drop, we use Eq. (7-5) with vj = 160 m/s, dj = 2.2 mm and d>2 = 3.2 mm: 


v2 2.2\1/3 
i toe => v2= 141 m/s. 


The observed threshold? of 140 m/s is in excellent agreement with the prediction. 





At some size when the drop becomes large enough, the damage threshold velocity 
ceases to decrease with size, at least for zinc sulfide.!8 Figure 7.12 shows that the 
threshold velocity for 4.4-mm-diameter drops is essentially the same as that for 3.2-mm 
drops. However, above the damage threshold, the bigger drops create deeper damage. 


When the waterjet experiment in Fig. 7.11 was carried out with sapphire, the damage 
threshold velocity was near 500 m/s for the same 0.8-mm waterjet.!4 That is, the 
damage threshold velocity for sapphire was approximately four times greater than that of 
zinc sulfide. Hot pressed silicon nitride had a threshold slightly above 600 m/s. 


1.2 
Z og Fig. 7.12. Fracture 
e depth as a function of 
cx) impact velocity for 3.2- 
FS and 4.4-mm diameter 
a raindrops on zinc 
E o4 sulfide. 18 
Y 
< 
oe 
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Figure 7.13!9:29 shows the results of single and multiple impact experiments using 
soda-lime glass as an inexpensive, brittle substrate. The damage threshold velocity is 
approximately 200 m/s, but the decrease in strength is relatively gradual if only a single 
impact is used. The fall in strength becomes steeper as the number of impacts at the 
same site is increased from 1 to 10. The interpretation of this important experiment is 
that impacts below the threshold velocity do not damage the material. A large number of 
sub-threshold impacts at the same site will not weaken the material. However, every 
impact above the threshold velocity damages and weakens the material. The greater the 
number of impacts at the same site, the weaker the sample becomes, until the plateau 
level of approximately 10-20 MPa strength is reached. 


A theoretical expression for the damage threshold velocity is*! 


Kic* cr 1/3 
Vthreshold ~ 1.41 E 2. 2d (7-6) 
w Cw ay 


where Ky, is the fracture toughness (Section 3.8) of the window material, cpr is the 
Rayleigh wave speed of the window material, py, 1s the density of water, cy, is the 
compression wave speed in water (~1500 m/s) and d,, is the diameter of the raindrop. A 
Rayleigh wave is a surface wave on an elastic solid (Fig. 7.8). Its speed is given by22 


0.862 +1.14 v 
CR = l+v ar mea Cee | oan 


where v is Poisson's ratio, E is Young's modulus and p is the density of the window 
material. 


The agreement between measured damage threshold velocities and those calculated 
with Eq. (7-6) is modest, at best.3-!5 However, the numerator of Eq. (7-6) has been 
taken as a "damage parameter" and used to correlate observed damage threshold velocities 
with material properties. For example, Fig. 7.14 correlates a range of threshold data for 
single and multiple impacts with the damage parameter, Kj,2/3cp\/3.23 
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A simpler, empirical correlation is that damage threshold velocity is proportional to 
the logarithm of the fracture toughness of the window material.24 Figure 7.15 shows 
this correlation for waterjet impact experiments which are described in Section 7.4.3. 
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7.3.2 Threshold velocity for loss of optical transmission or contrast 


In addition to crack growth and loss of strength, another manifestation of impact 
damage is loss of optical transmission (or increase of optical scatter). Figure 7.16 shows 
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measured and calculated loss of transmission by ZnS after exposure to multiple raindrop 
impacts in a whirling arm facility.3-!5 The calculated values are based on loss of 
transmission as light traverses the fractured areas in Fig. 7.5. At a wavelength of 2.5 
jim, there is nice agreement between the experiment and the model. At 10 Um 
wavelength the experimental transmission actually increases for a period of time before a 
decrease sets in. While no explanation was given, it is possible that the slightly damaged 
surface serves as an antireflection coating, just as the moth's eye structure in Section 
6.1.1 increases transmission through the window. 


Figure 7.17 show the loss of transmission in zinc sulfide when it was impacted 
randomly by a waterjet at 190 m/s.24 As in Fig. 7.16, the shorter wavelength is more 
sensitive to transmission loss than is the longer wavelength. 
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Table 7.5. Time for 10% loss of transmission” in rainfield at 250 m/s*> 


‘Material ~—~—~SsSsTime(s)~—~——~—S~S~S~CSMaaterrial =i (8) 
Silicon 1100 Germanate glasses: 

MegF2 500 Cortran 9754 250 

ZnS (CVD)t 300 VIR6 glass 70 

ZnS (PS)t 150 Germanium 40 

Znse 9 As2Ses5 glass 0.6 


*Time needed for transmission to drop to 90% of its initial value at a selected wavelength 
TCVD ZnS is 6-lsm-grain-size material produced by chemical vapor deposition. PS ZnS 
is 1-lum-grain-size material produced by pressure sintering. 


Table 7.5 compares the time required for different materials to lose 10% of their 
initial optical transmission in a whirling arm rainfield.2> Notice that the order of erosion 
resistance is Si>MgF >ZnS>>ZnSe. Zinc selenide is a particularly poor material for 
rain erosion resistance. Notice also that silicon performs much better than MgF> in this 
experiment, whereas the damage threshold velocity of silicon and MgF9 are essentially 
equal in Figs. 7.14 and 7.15. 


When the percent loss in transmission of zinc sulfide was measured at 2.5 um 
wavelength as a function of impact speed in a whirling arm rainfield, the rate of loss of 
transmission was approximately proportional to the 9th power of the normal impact 
speed.’ In the same experiment with 1.8-mm-diameter raindrops, the erosion rate was 
proportional to the 14th power of impact speed.’ In other experiments, the erosion rate 
was approximately proportional to the 11th power of impact speed.29 


An empirical conclusion reached by Cassaing et al.2° is that the time for 10% loss 
of transmission is related to the liquid water content of the rainfield (grams of water per 
cubic meter), the impact speed (v), the density (9) of the window material, and the 
longitudinal wave velocity* (cy) in the material: 


(cr, 1 V p)t5 


Time for 10% loss of transmission ee oe ee 
(water content) X v 


(7-8) 


Pre-existing stress in a window has an enormous effect on rain erosion damage.*® 
When a ZnSe window was slightly flexed during raindrop impact, the time needed for 
10% transmission loss decreased by a factor of 100. Magnesium fluoride and Ge samples 





For a material with modulus E, Poisson's ratio v and density p, the longitudinal wave 
velocity is?2 cy = \ (A+2u)/p , where A = Ev/[(1+v)(1-2v)] and pu = E/(2+2v). The 
transverse wave velocity is cr = 1 L/p. 
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shattered upon raindrop exposure under the mildest flexure conditions that were tested. 
Pre-existing stress in the LANTIRN window described at the beginning of this chapter is 
a significant contributor to window failure. Typically, the outer ZnS layer is in 
compression and the thick ZnSe window is in tension. When impact damage propagates 
through the ZnS and reaches the tensile ZnSe region, catastrophic failure occurs. 


A more subtle manifestation of optical degradation of a window by raindrop impacts 
is loss of optical contrast, as measured by the modulation transfer function (MTF) defined 
in Section 2.3. Contrast is defined as MTF measured after rain exposure divided by MTF 
measured before exposure. Figure 7.18(a) shows the loss of contrast in magnesium 
fluoride as a function of time for different impact speeds in a whirling arm rainfield.27 
The greater the impact speed, the less time it takes to lose optical contrast. 


The time required for the contrast to lose 10% of its initial value is designated fg /. 
A graph of log (tg, 7) versus log (impact speed) is a straight line with a negative slope, 
implying that the relationship between fg 7 and v is 


toy = Av? (7-9) 
where A is a constant. For MgF», the exponent n is 13. For ZnSe, the exponent is 10. 


The dependence of optical contrast loss on drop size is not straightforward. Figure 
7.18(b) shows that the time fg 7 goes through a minimum as drop size increases. 
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Fig. 7.18. (a) Loss of optical contrast as a function of time for MgF> in a whirling 


arm rainfield at different impact speeds.2” MTF was measured at a spatial frequency of 66 
cycles/radian in the wavelength range 2-6 lm. Optical contrast degradation is more rapid 
for higher spatial frequencies. (b) Dependence of tg ; on drop diameter. 


7.3.3 Threshold velocity for loss of mass 


Another definition of damage threshold is the onset of loss of mass from the 
material. Figure 7.19 shows mass loss by MgF> in a whirling arm rainfield as a 
function of time for different impact speeds.2’ The incubation time is defined by the 
extrapolation of the linear region of the curves down to zero mass loss. Incubation time 
follows a power law dependence on impact speed of the form time « v~", as in Eq. (7-9) 
for loss of optical contrast. 
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Fig. 7.19. Mass loss by MgF2 in a whirling arm rainfield for different impact 
velocities.27 


Fig. 7.20 compares the time tg; for loss of 10% of optical contrast to the 
incubation time for mass loss.27 In the case of MgFo, the two times are essentially 
equal, which means that the effects occur concurrently. For ZnSe, loss of optical contrast 
comes significantly before loss of mass. It is reported> that for silicon, the time for 
10% loss of infrared transmission (not optical contrast) is half as great as the incubation 
time for mass loss. For germanium, the time for 10% loss of transmission is one-tenth 
of the incubation time for mass loss. 
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7.4 Rain erosion test facilities 


Common rain erosion tests utilize whirling arm rain field facilities,28.29 waterjet 
impact, 20,14,30 single or multiple drop impact?!32 or a rocket sled going through a 
rain field (Fig. 7.2). The few existing whirling arms are national-scale facilities, whereas 
waterjets are more common laboratory-scale facilities. The single or multiple drop 
impact facilities are unique to GRC International (Santa Barbara CA). 


7.4.1 Whirling arm 


In the whirling arm facility shown in Fig. 7.21 a 2.5-cm-diameter flat specimen is 
whirled at the end of a propeller blade through an artificial rain field consisting of 
waterdrops falling from hypodermic needles. A common test measures the damage to a 
sample after whirling at 210 m/s for periods ranging from 1-20 min in a 25.4 mm/h rain 
field with 2-mm-diameter drops. The 2-mm size was chosen because it represents the 
most common drop size in Fig. 7.4 for a 25.4 mm/h rainfall rate. This choice of drop 
size can be criticized because the fewer, larger drops in natural rainfall are much more 
damaging than the 2-mm drops.>7 


Several whirling arm facilities are listed in Table 7.6. Characterization of three 
whirling arms using witness plates made of Plexiglas (also called poly(methy!]- 
methacrylate), PMMA, or Lucite) to record drop imprints shows that each facility is 
unique.2? Turbulence or shock waves distort the drops into different shapes at each 
facility. Spherical drops with an initial diameter of 2 mm may become ragged ellipsoids 
with equivalent diameters of 3-6 mm. This distortion makes comparison of tests between 
facilities very difficult (Fig. 7.223). Studies at the UDRI facility showed that the actual 
number of waterdrop impacts on a Plexiglas substrate were less than the theoretical 
number for a rotor speed of 200 m/s.33_ When the rotor speed was increased, the number 


Fig. 7.21. Whirling arm rain 
erosion test facility run by the 
University of Dayton Research 
Institute at Wright-Patterson Air 
Force Base. Legend: (1) double 
arm blade, (2) mated test 
specimens, (3) vertical drive gear 
box and shaft, (4) curved 
manifold quadrant, (5) water 
storage tank, (6) video camera, 
(7) magnetic pick-ups for firing 
strobe light, (8) strobe light for 
stop-motion viewing. 
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Table 7.6. Whirling arm rain erosion test facilities2® 


Maximum Arm radius Nominal drop Rainfall 
Facility~ mach number (m) size (mm) rate (mm/h) 
UDRI 0.8 1.22 2 25.4 
Bell Helicopter 0.75 1.22 Natural rain 76.2 
DERA (formerly RAE) 0.70 1.45 2 25.4 
SAAB-SCANIA 1.0 2.19 1.2-2 1.4-25 
Dornier 3.0 1.2 0.5-1.7 1.8-320 


“UDRI: University of Dayton Research Institute, Wright-Patterson Air Force Base, 
Dayton, Ohio. Bell Helicopter: Fort Worth, Texas. DERA: Defence Evaluation and 
Research Agency, Farnborough, United Kingdom. SAAB-SCANIA: Linkoping, 
Sweden. Dornier: Friedrichshafen, Germany. 


of impacts decreased disproportionately until, at the highest speed of 320 m/s, there were 
few impacts. It is therefore not possible to make an absolute comparison of erosion rate 
as a function of impact speed. Changing the specimen holder also changed the number of 
impacts when the speed was held constant. Tests run under the same nominal conditions 
one year apart gave significantly different results. Despite these serious limitations on 
quantitative experiments, side-by-side tests of different materials provide useful 
comparisons. | 
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Fig. 7.22. Comparison of 
results obtained at whirling arm 
facilities at Wright-Patterson Air 
Force Base (UDRI) and 
Farnborough, Great Britain 
(DERA) under nominally 
identical conditions.34 At 
DERA the distorted drops have 
an equivalent spherical diameter 
in the range 0.4 - 4.4 mm. At 
UDRI, most of the drops are 
distorted to an equivalent 
diameter of 4.0 - 6.6 mm, which 
do more damage than the smaller 
0 5 10 15 20 drops at DERA.2? 
TIME (min) 


TRANSMISSION LOSS (%) 





A whirling arm is not reliable for non-normal angles of incidence.2> As a specimen 
is inclined from normal incidence, the number of impacts per unit area should decrease if 
the speed and rainfall rate are constant, because the projected area of the specimen 
decreases. However, tilting a specimen 10 or 20° from normal at the UDRI whirling arm 
facility increased the density of impact sites compared to the number for normal incidence. 
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At angles of 30 and 40°, the impact density then decreased. Tilting the specimen up gave 
a different density of impact sites than tilting a specimen down by the same angle. The 
unexpected results might have been caused by turbulence or a bow shock wave from each 
end of the whirling arm affecting the other end. 


By using a heated sample holder, it is possible to conduct rain impact experiments 
with windows at elevated temperature. The stress in the window is a combination of the 
impact stress and the thermal stress created by the contact of cold liquid with the hot 
surface. Figure 7.23 shows the results of whirling arm tests of heated windows.3© The 
time required for ZnSe and Ge to lose 10% optical transmission decreases with increasing 
window temperature, as might be predicted from increased thermal stress. The time 
required for ZnS to lose 10% transmission increases with window temperature, because 
the mechanical strength of ZnS increases with temperature. 
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Fig. 7.23. Whirling arm 

Z2ns © erosion response of heated 
— window materials.3© The 

100 ordinate is the time required 
Ge for the transmission in the 8- 

12 [tm region to fall to 90% 

of its initial value. Horizontal 
. bars denote the range for 

énSe duplicate experiments. ZnS 

and Ge were tested with 2- 
mm-diameter raindrops at 230 


m/s. ZnSe was tested with 
20 40 #260 80 100 120 1.2-mm drops at 210 m/s. 
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7.4.2 Single-impact waterjet 


The single-impact waterjet apparatus in Fig. 7.24, introduced by the University of 
Cambridge, is relatively simple for characterizing the raindrop impact resistance of 
materials.2°:!4 Although the equipment is inexpensive, the technique is extremely labor 
intensive. : 


The lead slug fired from an air gun in Fig. 7.24 strikes a neoprene rubber disk that 
extrudes a jet of water through the nozzle at 3-5 times the speed of the bullet. Only the 
somewhat rounded front of the jet in the photographs in Fig. 7.24 has any resemblance to 
a water drop. The speed is measured by the time between cutoff of two light beams 
perpendicular to the direction of travel. The nozzle is the critical component of the 
system, which must produce a waterjet with a smooth, slightly curved front that 
simulates the leading edge of a raindrop. 


The reason why an elongated jet can crudely simulate the impact of a spherical drop 
is that most damage occurs during the initial stage of impact. If the front of the jet looks 
like the front of a sphere, the damage will be roughly similar. The waterjet can only be 
used for perpendicular incidence, because only the front simulates a sphere. 
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Fig. 7.24. Schematic diagram of waterjet test apparatus!¢ and high speed photographs 
of the waterjet. The flat target of test material is placed 1 cm from the nozzle. (Photos 
courtesy K. Klemm, Naval Air Warfare Center.) 


The damage ring produced by a waterjet striking Plexiglas can be compared to the 
ring produced by a spherical drop of known diameter. Such measurements produce an 
"equivalent drop size" for the waterjet. Figure 7.25 shows that the equivalent drop size 
depends on the nozzle diameter and speed. The circles in Fig. 7.25 show that direct 
measurements of the radius of curvature of the front of the waterjet (recorded by high 
speed photography) do not agree with the equivalent drop size measured by damage to 
witness plates.>3 In the early waterjet literature, attempts were made to correlate the 
actual impact condition (speed and nozzle size) to a corresponding impact speed if the jet 
were a 2-mm waterdrop. The best current practice in reporting waterjet results is to list 
the nozzle size and actual waterjet speed and avoid any further correlation or interpretation. 
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Fig. 7.25. Lines show 
relation between waterjet and 
Measured from diameter of equivalent single 
drop curvature raindrop, based on total area 
for 0.8-mm nozzle of damage on Plexiglas 
witness plates.!4,37 Circles 
show measured diameter of 
front of waterjet from 0.8- 
mm nozzle.33 


=k 
© 


or 





EQUIVALENT DROP DIAMETER (mm) 


100 200 300 400 500 600 
WATERJET SPEED (m/s) 


7.4.3 Multiple-impact jet apparatus (MIJA) 


The multiple-impact jet apparatus, commonly abbreviated MIJA, is a modification of 
the single-impact jet apparatus in Fig. 7.24. Instead of firing a bullet to create the water- 
jet, compressed air thrusts a nylon piston against a titanium metal shaft which expels the 
waterjet from the nozzle. The piston is then automatically retracted and a fresh supply of 
water refills the nozzle. The entire sequence is automated and can fire 20 shots/min with 
a spread in velocity of <1% over the range 20-650 m/s.? The horizontal position of the 
25- to 50-mm-diameter target specimen is governed by a computer-controlled x-y stage. 


Figure 7.26 shows how the damage threshold velocity curve is measured.24 Points 
on the target are impacted at speeds of 100 to 500 m/s. After each site 1s impacted once, 
the specimen is examined under a microscope with a magnification up to 50x. In the 
example in Fig. 7.26, a ring fracture was observed under the microscope at sites impacted 
at 2440 m/s. These sites are marked by circles in the upper graph of Fig. 7.26 and are no 
longer impacted. Each undamaged site is impacted again, the sample is inspected, and 
damaged sites are marked on the graph. The middle graph in Fig. 7.26 shows the results 
after 7 impacts per site. The lower graph shows results after 300 impacts per site. 


The "single-impact" damage threshold velocity is obtained from the first shot. In 
Fig. 7.26 the single-impact damage threshold is between 420 and 440 m/s and would be 
reported as 430 m/s. For multiple impacts, the damage threshold curve flattens out. A 
reasonable approximation is that 300 shots at one site is close to the limit that would be 
observed for an infinite number of shots at one site. The "multiple-impact" damage 
threshold velocity is the value observed after 300 shots, which is 310 m/s. 


One caveat for Fig. 7.26 is that the damage noted on the graphs is just ring fracture 
around the impact site. Cracks can be induced by the waterjet near the center of the 
impact, but they are harder to observe and are not customarily reported. Waterjet damage 
threshold curves published by Cambridge University are normally for ring fracture only. 
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Fig. 7.26. How multiple-impact jet apparatus (MIJA) damage threshold velocity is 


measured. 
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Fig. 7.27. MIJA damage threshold velocity for ring fracture of infrared materials.24 
For ALON, which is not shown on the chart, the threshold for 4 impacts is 690 m/s.38 


For small specimens, MIJA absolute damage threshold velocity (ADTV) is measured 
by impacting one site 300 times at low velocity and inspecting for damage at 200x 
magnification. Then velocity is increased and the sample is impacted 300 more times and 
inspected. The process is repeated until cracking is observed.?? 


Figure 7.27 shows damage threshold velocity curves for infrared window materials.24 
Sapphire is clearly the best. Spinel is good and MgF is respectable. The curve for 
aluminum oxynitride (ALON) ts expected to lie between those of spinel and sapphire. 


Specimen thickness can play a role in the outcome of a MIJA experiment. The 
compression wave in Fig. 7.7 moves faster than the Rayleigh wave. When the 
compression wave is reflected at the rear of the specimen, it becomes a tensile wave. 
When the tensile wave catches the Rayleigh wave moving along the front surface in Fig. 
7.28, the two reinforce each other, which can produce ring fracture if the waves are still 
sufficiently strong.?°4° This phenomenon is observed in thin specimens of diamond? 
and sapphire,*! both of which have very high compression wave speeds. For sapphire, 
the damage threshold velocity of a 3-mm-thick disk from a 0.8-mm jet is 485 m/s for 300 
impacts. The damage threshold velocity of a 1-mm-thick disk is 430 m/s. 
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Fig. 7.28. <A tensile wave reflected from the rear surface of a window reinforces the 
Rayleigh wave moving along the front surface. The Rayleigh wave amplitude is 


attenuated in proportion to Nr, where r is the distance traveled. The compression wave 
(and the shear wave behind it in Fig. 7.7) are attenuated much more rapidly (1/r2),42 
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7.4.4 Single-drop impact testing 


Neither the whirling arm nor the waterjet provides spherical waterdrops. To accom- 
plish this requires apparatus such as that in Fig. 7.29,°2 which is, unfortunately, expen- 
sive to run. This experiment begins when a 1.5- to 5-mm-diameter spherical waterdrop 
falling from a hypodermic needle near the center of the apparatus is detected by light beam 
1, which triggers the gun at the right to fire. The detonation hurls an optical test 
specimen (up to 20 mm diameter, mounted in a holder called a sabot) toward the 
waterdrop at speeds up to Mach 3. When the specimen traveling from right to left toward 
the falling drop crosses light beam 2, a photograph of the drop is taken to document its 
size and shape. The time needed for the specimen to traverse the distance between light 
beams 2 and 3 measures the impact speed. The long arm at the left contains a graded 
distribution of material that slows and captures the specimen without destroying it. 


Impact in Fig. 7.29 takes place in a helium atmosphere at 10 Pa (0.1 torr) to 
eliminate bow shock that distorts waterdrops in a whirling arm. The experiment is 
designed to study the response of materials to waterdrops with a simple and reproducible 
geometry. Impacts at angles from 90° (perpendicular) down to 20° can be produced by 
tilting the sample in the sabot. The sample and holder are configured to avoid damage 
from edge effects and from stress wave reflections at the back of the specimen. 


Nylon beads produce similar damage to water drops of the same size and speed 
impacting ZnS.39:43.44 (By contrast, water encapsulated in a polyamide film, fish eggs, 
or ice particles produced damage that is qualitatively different from waterdrops.) A 
multiparticle impact facility at GRC International can launch a volley of nylon beads at 
speeds up to at least Mach 4 at a full scale infrared dome or even a larger radome. The 
objective is to simulate a rainfield in which a high speed projectile encounters many 
raindrops in a short period. A related test method uses an exploding wire to launch single 
1.5-mm-diameter nylon beads toward an optical specimen at speeds up to Mach 12.45 
Damage threshold velocities for 1.2-mm nylon beads hitting various materials at 30° from 
perpendicular are reported to be approximately 1600 m/s for sapphire and ALON, 1500 
m/s for cubic zirconia, 1100-1200 m/s for spinel and 600 m/s for lanthana-doped yttria.45 
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Fig. 7.29. Hydrometeor Impact Facility at GRC International hurls an optical 
specimen at speeds up to Mach 3 at a single, well-characterized, spherical waterdrop.32 
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7.5 Aerodynamic effects in rain erosion 


A spherical raindrop is distorted as it traverses the shock wave surrounding a high 
speed vehicle such as a missile.46-48 Figure 7.30 shows progressive distortion of an 
initially spherical waterdrop traveling at Mach 2 through an atmosphere of increasing 
pressure. When sufficiently distorted, the drop begins to disintegrate. 


Fig. 7.30. Left: Slightly distorted, 5-mm-diameter waterdrop traveling at 883 m/s in 
the GRC Hydrometeor Impact Facility in Fig. 7.29.48 Center: With some gas inside 
the gun barrel in Fig. 7.29, a 5-mm-diameter spherical drop traveling at 729 m/s distorts 
to a radius of curvature of 6.1 mm at the leading edge. Right: At higher gas pressure, a 
drop traveling at 769 m/s develops surface instability and begins to lose mass at the top 
and bottom of this silhouette. The radius of curvature is 6.4 mm at the leading edge. 





Figure 7.31 shows the behavior of two raindrops colliding with a 15-cm-diameter 
hemispherical missile dome traveling at 610 m/s at an altitude of 6 km.47 Both drops are 
distorted into elliptical shapes as they enter the shock wave. The larger drop deforms, but 
loses less than 10% of its mass prior to hitting the dome. The smaller, more distorted 
drop is in the process of breaking up by the moment of impact. More than 60% of its 
original mass has been lost. 
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Fig. 7.31. Behavior of 
large and small drops as 
they travel approximately 
8 cm through the shock 
wave in front of a 15-cm- 
diameter missile dome 
traveling at 610 m/s at an 


Small altitude of 6 km.47 
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Figure 7.32 shows the behavior of different drops on the same trajectory as those in 
Fig. 7.31, as a function of the initial drop size, Dg. The ordinate gives the fraction of 
initial mass remaining. An 8-mm drop loses almost no mass. A 2.5-mm drop retains 
80% of its original mass at the time of impact. A 1.0-mm drop has less than 40% of its 
mass remaining. Drops smaller than 0.58 mm disintegrate before striking the dome. 


The pictures in Fig. 7.32 show the distortion that would occur as different drops 
travel through the shock wave. The radius of curvature at the front of the distorted drop at 
the upper right is 2.5 times greater than its initial, undistorted radius. This 3.5-mm 
raindrop behaves as a >9-mm drop when it hits the dome. Damage to the dome is mainly 
a function of the effective diameter of the drop, even though the mass is unchanged. 
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Fig. 7.32. Raindrop mass loss and distortion as it traverses the shock wave in Fig. 
7.20 at a distance 6.5 cm from the centerline of the missile.4” D, is the initial diameter 
of the drop and mg is its initial mass. 


Table 7.7 confirms that impact damage increases with increasing radius of curvature 
of the leading edge of a waterdrop.!8 A spherical drop with a speed of 305 m/s and a 
diameter of 4.3 mm was distorted as in Fig. 7.30 by gas pressure in the gun barrel of the 
GRC Hydrometeor Impact Facility. After the drop impacted a ZnS target, the maximum 
fracture depth was measured. The process was repeated for six levels of distortion. Table 
7.7 shows that the greater the radius of curvature, the greater the fracture depth. All drops 
had the same mass. 
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Table 7.7. Effect of waterdrop distortion on damage in zinc sulfide! ® 


Radius of curvature Maximum Radius of curvature Maximum 

at front of drop (mm) _ fracture depth at front of drop fracture depth 
2.25 432 3.06 780 
2352 600 3.96 >1000 
2.97 720 4.14 >1000 


A computer code called DROPS calculates the distortion of waterdrops as they pass 
through the flowfield around a moving object.48 Figure 7.33 shows two drops that pass 
through the shock wave of a missile traveling at Mach 2 at 3 km altitude. A slanted, flat 
window is located on one side of the missile. By the time they hit the window, initial 
2-mm-diameter drops are distorted to a radius of curvature between 12 and 50 mm! 
Larger, 4-mm-diameter drops are less distorted, with radii of curvature between 22 and 33 
mm when they reach the window. 
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Fig. 7.33. Distortion of raindrops passing through the flowfield around a missile 
traveling at Mach 2 at 3 km altitude.48 


A pod containing an infrared window below the fuselage of a supersonic aircraft 
provides an interesting example of design for rain erosion resistance.’ If the pod is 
located sufficiently aft, the aircraft body, not the pod, creates the shock flow field through 
which raindrops must traverse to reach the pod. At supersonic speeds, the vast majority 
of raindrops disintegrate on their extended voyage through the shock wave prior to 
reaching the pod. By contrast, most of the raindrops that encounter the aircraft in 
subsonic flight survive long enough to hit the window on the pod. More damage is 
expected in subsonic flight than in supersonic flight. 


7.6 Erosion by solid particles 


At high altitudes, a vehicle is more likely to encounter ice particles than waterdrops. 
Ice balls do about half as much damage as waterdrops of the same size and speed in 
experiments with Plexiglas.49°0 The effects of hypersonic velocity ice particle ae 
on slip cast fused silica>® (a radome material) and of wind tunnel debris on sapphire 51 
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have been reported. The erosion rate of fused silica’? was approximately proportional to 
the 6th power of the normal velocity of impact. 


Sand particles, which are mainly SiO2, account for a good deal of the solid particle 
erosion experienced by infrared windows. Figure 7.34 shows the kind of damage that sand 
does to zinc sulfide.4% A plastically deformed central crater forms during the loading 
stage of particle impact. During the unloading stage, lateral cracks form below the crater 
and curve upward to intersect the front surface. The material within the circular ring of 
the lateral crack on the surface can easily be lost and is largely responsible for mass loss 
by sand erosion. Radial cracks extend deeper into the material than lateral cracks.1 
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Plastic deformation 
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Fig. 7.34. Typical 

| aie damage observed from 

— a || solid particle impact on 
vi ZnS .42 


Eroded windows lose mechanical strength.-> When ZnS was eroded at 30 m/s by 
450-m-diameter sand particles for an unstated time, it lost 70% of its mechanical 
strength.42 BK-7 glass lost 2/3 of its mechanical strength in a sand erosion test and 1/3 
of its strength in a dust erosion test.°4 


An example of laboratory sand erosion apparatus is shown in Fig. 7.35. Coarse or 
fine sand dispensed from a conveyor belt or vibrator falls through the inlet section of a 
barrel through which dry air flows at high speed. After flowing through the long barrel, 
the particles have been accelerated to an appreciable fraction of the speed of the air flow. 
After leaving the barrel, the particles travel 8 cm through the air prior to striking the test 
specimen. Particle speed is measured prior to impact by a video camera. The Cambridge 
equipment provides particle velocities of 7-200 m/s and fluxes of 0.01-20 kg/m2/s. Flux 
is measured by weighing the sand collected in the target chamber. A particular sand 
erosion rig commonly used in the United States is now located at Wright-Patterson Air 
Force Base. It rasters a plate holding up to sixteen 2.54-cm-diameter specimens in front 
of the sand spray so as to expose all specimens equally. Particle speeds can be selected in 
the range 30-500 m/s and angles of incidence range from 90° to 20°. Speed is measured 
by a laser Doppler velocimeter. Perhaps the simplest sand erosion test is based on 
ASTM Standard Test Method D-968, in which sand of a specified size range falls from a 
funnel by gravity through a distance of ~1 m before striking the test object. The impact 
velocity is ~4 m/s at a typical angle of incidence of 45°. 


tDamage from a scratch scribed into a brittle solid is similar to the damage from solid 
particle impact. Lateral and radial cracks form when the scribe is removed.> Lateral 
cracks can be considerably wider than the plastically deformed scratch. Similar damage is 
expected from a particle of solid abrasive used for lapping or polishing an optical surface. 
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Figure 7.36 shows erosion rates of ZnS and Ge as a function of particle velocity and 
angle of incidence.»> Erosion rate is measured in milligrams of target mass lost per 
kilogram of erodent impacting the surface. Erosion rates for ZnS and Ge increase as the 
angle of incidence approaches 90°. ZnS is eroded at a slower rate than Ge at low impact 
speeds, but the order switches at the highest speed. 


Mass loss is proportional to the impact velocity, v, raised to an exponent, n: 
Erosion rate = Av” (7-10) 


where A is aconstant. Table 7.8 gives erosion data for several infrared materials. The 
relatively soft materials, ZnS, Ge and calcium lanthanum sulfide, have erosion rate 
exponents of 2.3-3.5, arising from the elastic-plastic damage mechanism in Fig. 7.34. 
The low exponent of 0.6 for sapphire is thought to come about because the erodent, 
SiO», is softer than the target. Sand particles break up when they hit the sapphire. 
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Table 7.8. Sand erosion mass loss rates for infrared materials 5-42 


Material Erosion rate (m Exponent n in Eq. (7-10 
Zinc sulfide (34 m/s) 950 3.5 

Zinc sulfide (80 m/s) 20 000 not measured 
Germanium (34 m/s) 1730 2.3 

Calcium lanthanum sulfide (34 m/s) 7500 2.3 

Sapphire (80 m/s) 83 0.6 

CVD diamond (nucleation surface) (80 m/s) 0.18 not measured 
Natural diamond (100 face) (140 m/s) 0.05 not measured 


*300-600 um sand impacting at normal incidence 


Sand erosion damage is commonly characterized by infrared transmission loss in the 
material. Figure 7.37 shows the effects of particle size and impact velocity on ZnS.42 
Transmission loss is more severe for larger particles and higher speeds. 


Micrographs in Fig. 7.38 show that MgF2 is more easily damaged than aluminum 
oxynitride (ALON) and spinel by sand impact. In Table 3.8, we find the Knoop hardness 
of the materials to be 580 kg/mm? for MgF9, 1600 for spinel, and 1800 for ALON. The 
harder the material, the less it is damaged by the sand. In a sand erosion study of ALON, 
impact damage could be observed under a microscope with no measurable loss of mass 
and negligible change in infrared transmission.2®8 Figure 7.38 also shows that two 
commercial antireflection coatings, which were not designed for durability, were damaged 
much more than the more durable substrate material. Section 7.8 discusses coatings that 
are designed to impart durability to windows. In general, few coatings are as erosion 
resistant as ALON, spinel or sapphire. 


Figure 7.39 illustrates relative erosion rates of different materials measured by loss of 
optical transmission.-© The order of erosion is diamond < calcium aluminate < silicon 
<< germanium < standard ZnS < multispectral-ZnS. In a different study comparing 
standard ZnS to multispectral ZnS, the mass loss rate for multispectral ZnS was 
approximately three times greater than the rate for standard ZnS (for sand particles in the 
range 100-500 pm at a speed of 50 m/s and a flux of 173 g/m2/s).97 
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Fig. 7.37. Transmission 
loss in ZnS at 10 tm in a 
sand erosion experiment.42 
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Fig. 7.38. Sand erosion damage® from particles of diameter <38 um impacting at 
normal incidence at 206 m/s for a total load of 8 mg/cm2. 
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Fig. 7.39. Relative sand erosion rates of materials exposed to a commercial sand 
blaster at a 45° angle of incidence.>© Diamond exhibited no loss of transmission and 
multispectral zinc sulfide was degraded most rapidly. 
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Natural diamond is the hardest known material and the most resistant to sand erosion. 
Some data were given in Table 7.8 and Fig. 7.39, where natural diamond is labeled "Type 
Ifa." Although it is also extremely erosion resistant, chemical-vapor-deposited (CVD) 
synthetic diamond loses mass approximately 10 times faster than natural diamond in sand 
erosion experiments.42 Mass loss by natural diamond by sand impact at 26 m/s was 2 x 
104 times lower than the rate of mass loss by silicon nitride under impact at 47 m/s and 3 
x 10° times lower than the erosion rate of alumina under impact at 34 m/s.°? Even 
though diamond is extremely erosion resistant, the fact that small particles of sand at low 
speed (Mach 0.1) produce observable damage in diamond implies that sand erosion is a 
problem for all infrared window materials. 


7.6.1 Combined effects of sand and rain 


A sand-eroded surface is much more susceptible to rain impact damage than is a 
pristine surface.©0-62 When ZnS was subjected to whirling arm rain erosion (Fig. 7.40), 
it suffered a 2.2% loss in long wave infrared transmission.°! Another specimen suffered 
a 9.7% transmission loss when exposed to sand. If ZnS was exposed to rain and then to 
sand, the transmission loss was just 10.3%. If ZnS was exposed to sand before rain, the 
transmission loss increased to 24.8%. Specimens exposed to sand before rain have thin 
surface cracks linking sand erosion pits. That is, pits generated by sand impact act as 
initiation sites for damage by raindrops. A similar effect was reported for ZKN7 glass.00 
Waterdrop impact conditions that would do no damage to a pristine surface did moderate 
damage to a sand-eroded surface. 


Composite image of coated 
ZnS after erosion tests 


Sand Sand 
only before 
rain 


TRANSMISSION LOSS —> 





Rain No 
Rain Sand Rain Sand only exposure 
before before 
sand rain 


Fig. 7.40. Combined effects of sand and rain on erosion of ZnS. Left: Transmission 
loss in the 8-11.5 ym band after rain impact (5 min in whirling arm rainfield at 252 m/s 
with 2.54 cm/h rainfall of 2-mm-diameter drops) and sand impact (88-105 pm particles at 
97 m/s for 6 min with total load of 70 mg/cm2).6! Right: Composite image of coated 
ZnS after erosion tests.°* The coating is the Raytheon "DAR/REP" coating discussed in 
Section 7.8.4. 
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7.7 Effect of angle of incidence on erosion 


Figure 7.1 showed a dome that had traversed a rainfield at supersonic speed. The apex 
was severely damaged, but the skirt was hardly affected. Impacts on the apex are near 
normal (90° impact angle), whereas impacts at the skirt are at a small angle of incidence. 
If damage were proportional to the normal component of velocity, then the damage should 
scale as vsin@, where v is velocity and @ is the angle of incidence in Fig. 7.36. 


7.7.1 Waterdrop impact at inclined angles 


The most carefully controlled angle-of-impact experiments are single drop studies at 
the GRC Hydrometeor Facility in Fig. 7.29.18 For 2.1-mm drops, the damage threshold 
velocities are 160 m/s for @ = 90°, 262 m/s for @ = 60° and 358 m/s for 6 = 30°. If the 
damage threshold velocity is proportional to the normal component of velocity, then we 
could calculate the threshold velocities for 60° and 30° by using the equation 


Damage threshold velocity = v,/sin0 (7-11) 


where v, is the damage threshold velocity for normal incidence and @ is the angle of 
incidence. Equation (7-11) gives the calculated values in Table 7.9. For 2.1-mm drops, 
calculated thresholds are lower than the observed thresholds. Therefore Eq. (7-11) is 
conservative: It predicts that damage should be observed at a velocity lower than the 
actual threshold velocity. For 3.5-mm drops, Eq. (7-11) is conservative for 60° impact 
and approximately correct for 30° impact. For the 4.5-mm drop, Eg. (7-11) is 
approximately correct for 30° impact. 


What other evidence is there regarding Eq. (7-11)? Déom et al.27,63,64 observed that 
Eq. (7-11) was obeyed by MgF» and Ge in the SAAB whirling arm, but not in the DERA 
whirling arm (Table 7.6). They were measuring the time for 10% contrast loss, as in 
Fig. 7.18. For the DERA whirling arm, damage at inclined angles was less severe than 
predicted by Eq. (7-11). In UDRI whirling arm experiments with ZnS, damage measured 
by transmission loss either followed Eq. (7-11) or was less severe than predicted by Eq. 
(7-11).7 Whirling arm experiments with a variety of materials, not just ceramics, 
suggest that impact damage measured by mass loss decreases as sin”, where n is in the 
range 3-6.9>-67 Whirling arm results must be questioned because at least some whirling 
arm tests are not reliable for non-normal angles of incidence (Section 7.4.1).35 Gorham 
and Field reported that damage to three different materials in a waterjet test was worse for 
impact angles of @ = 10-20° than for 6 = 0°, but only at supersonic speeds.©8 They cite 
other studies which show that for subsonic impact the damage is worst at normal 
incidence (@= 0°). 


Table 7.9. Single drop damage threshold velocity (m/s) for ZnS!18 


2.1-mm-diameter drop 3,5-mm-diameter drop 
Observed _Calculated* Observed Calculated” 



















Impact 4.5-mm-diameter drop 






angle, 0 Observed Calculated* 
90° 140 143 —-- 

60° 232 = es 

30° 268,302 280 268 286 





“Calculated from v1/sin®, where v, is the observed threshold velocity for normal impact. 
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7.7.2 Sand impact at inclined angles 


In sand erosion testing, specimens can be held at their intended inclined angle in the 
sand spray. Fig. 7.36 showed mass loss by ZnS and Ge as a function of impact velocity 
and angle. The results in Fig. 7.36 can be fit with the equation 


Mass loss = Av"sin’”@ (7-12) 


where v is the impact velocity, @ is the impact angle, A is a constant, and n and m are 
experimental exponents. The results for ZnS erosion are A = 0.0126, n = 3.23 and m = 
3.74. For Ge erosion the constants are A = 0.250, n = 2.48 and m = 2.41. In both cases 
the dependence of erosion rate on angle of incidence falls off faster than sin@. 


To summarize, in both rain and sand erosion experiments, damage falls off at least as 
fast as the normal component of velocity, or it falls more rapidly. This observation 
allows us to suggest criteria for comparative erosion testing of materials. 


7.7.3 Comparative erosion testing of materials 


Existing standards for erosion resistance of candidate materials for a particular 
application are absolute standards. They specify a test condition and an allowable 
response. If a material is known to meet system requirements, then comparative testing 
could be done on new materials to see if they are “as good as" the material whose 
performance is known. 


Hot pressed polycrystalline magnesium fluoride is a material whose performance in 
the field has been observed for decades on various missiles. The general experience is that 
MgF?2 domes do not suffer damage from raindrop impact at aircraft speeds. Experience in 
the Persian Gulf tells us that MgF9 is eroded rapidly by sand impact at aircraft speeds. 
MgF> is therefore a reasonable standard for comparative rain erosion measurements of 
new materials, but a better material than MgF> needs to be qualified as a sand erosion 
resistance standard. 


A procedure has been proposed®? for comparative testing of materials to see if they 
are "as good as” a selected standard material. The angle of incidence of rain or sand on a 
window is a critical factor in the severity of the resulting damage. A dome material 
should be tested at normal incidence (6 = 90° in Figure 7.36) because the front of a dome 
is impacted at normal incidence. Flat windows that will be mounted at an inclined angle 
should be qualified for the angle at which they will be used. 


The suggested protocol for comparative testing of flat samples uses the whirling arm 
and rejects the idea of testing at any angle other than @= 0°, because non-normal angles of 
incidence are not considered reliable in the whirling arm.35 It is therefore necessary to 
extrapolate impact conditions for an inclined surface to impact at normal incidence. If the 
waterdrop has velocity v, the normal component of velocity is vsin@. Sections 7.7.1 and 
7.7.2 indicate that impact damage is proportional to vsin@ or is less severe. 


Figure 7.41 shows that for an angle of incidence 0, a window of area A moving at 
velocity v sweeps out a volume Avtsin@ in time ¢. That is, an inclined window 
experiences fewer raindrop impacts than a vertical window moving at the same speed for 
the same time. For a vertical window to receive the same number of impacts as an 
inclined window, the test time should be reduced by sin@. 
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Area=A V 


Volume = Avt 


Projected area = A'sin@ 






Volume = Avt:sing 


Fig. 7.41. For normal incidence, a window of area A moving at velocity v sweeps out 
a volume Av? in time t. If the angle of incidence is 0, the volume swept out is Avtsin@. 


To simulate the environment of an inclined window when testing a window at 


normal incidence, it is: therefore necessary to reduce the impact velocity by sin@ and to 
reduce the time of exposure by sin@. The following scheme is proposed for comparative 
testing of rain erosion resistance using MgF> as an acceptable standard: 


Suggested procedure for comparative rain erosion test with whirling arm 


Test hot pressed MgF> in the whirling arm at perpendicular incidence using 2-mm- 
diameter drops at a rainfall rate of 25.4 mm/h. The standard velocity is Vo = 210 m/s 
and the standard time is tg = 10 min. Standard samples have a diameter of 25 mm and 
a thickness of 5 mm. The thickness should be great enough so that gross mechanical 
fracture does not occur. 


Expose the candidate window material (same size and thickness as MgF2) at 
perpendicular incidence using 2-mm-diameter drops at a rainfall rate of 25.4 mm/h. 


Reduce the whirling arm velocity to v = vgsin@, where @ is the intended operational 


angle of incidence of the inclined window. For example, if the window will have 0= 
30°, then the velocity will be (210 m/s)sin30° = 105 m/s. 


Reduce the time of exposure to t,sin@. For 6 = 30°, the exposure time will be 5 min. 
Test 2-4 specimens of each type in consecutive runs in the whirling arm. 


Inspect the specimens with a microscope at a magnification of 100-200x. A material 
is judged to be "as good as" MgF% if the observed damage is "similar to or less than" 
the damage observed in MgF2. The comparison is the difficult and subjective part of 
the procedure. At its simplest, the comparison can be based on the number of impact 
sites per unit area viewed under the microscope. However, different materials and 
coated materials can experience qualitatively different damage. The area and apparent 
depth of damage and extent of delamination of a coating should all be considered in 
making the comparison to decide if the candidate material is "as good as" MgF9. 
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In sand erosion testing, specimens can be held at their intended inclined angle in the 
sand spray. The test below is predicated on having a "standard material" whose sand 
erosion resistance for normal incidence is considered acceptable for a given application. 


Suggested procedure for comparative erosion test with spraying sand 


@ Expose the desired standard material to blowing sand at perpendicular incidence. A 
convenient set of conditions is 149-177 um diameter sand particles at a velocity of 75 
m/s with a total exposure of 150 mg of sand per square centimeter of sample surface. 
Conditions should be chosen to give a relative transmission loss (A7/T,) of 5-50%, 
where T¢ is the initial transmittance and AT is the change in transmittance after sand 
exposure. 


@ Expose the candidate window material at its intended angle of incidence to the same 
blowing sand conditions used for the standard material. 


@ The time of exposure is the same as the time used for the standard material. 


® Test 2 specimens of each type. All samples can be run simultaneously if @ = 90° or 
the standards and test materials can be in consecutive runs if 04 90°. 


@ Measure the relative transmittance loss in the spectral region at which the window will 
be used, preferably where the initial spectrum is flat. 


@ Inspect the specimens with a microscope at a magnification of 100-200x. 


e A test material is judged to be "as good as" the standard material if the relative 
transmittance loss is less and the "area of the damage sites" is less than that of the 
standard. 


@ If there is not much transmission loss for either the standard or the test sample, both 
materials should be tested a second time to double the total exposure. 


7.8 Protective coatings for erosion 


Significant improvements in erosion-protection coatings for infrared windows have 
been made in recent years. The coating must also provide antireflection functionality, 
which makes its design that much more difficult. Durable coatings are now available for 
windows that will not exceed aircraft temperatures. Coatings for hotter systems, such as 
high-speed missiles, are even more difficult because they must survive higher speed 
impacts, have low infrared emittance, and remain bonded to the substrate during rapid 
heating to high temperatures. 


7.8.1 Mechanisms of protection by coatings 


A thin layer of rigid (high modulus) material’9,7! can protect a brittle substrate 
against impact damage if the coating adheres strongly to the substrate. Particle impact on 
the high modulus coating produces less strain in the coating than it would in the 
substrate. The coating transmits less stress into the substrate than direct impact on the 
substrate. Figure 7.42 shows the calculated reduction in stress as a function of modulus 
and thickness of the rigid coating. Protection increases with coating modulus and 
thickness, but reaches an asymptote for sufficiently thick coatings (thickness greater than 
0.4 times the contact radius [Eq. (7-4)] of the impacting particle). 
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Fig. 7.42. Maximum 
radial tensile stress at the 
interface of a rigid coating 
(Poisson's ratio = Q.20) 
attached to a brittle 
substrate. /0 Coating modu- 
lus (E,) ranges from one to 
ten times the modulus of the 
substrate (E£,). Stress is 
expressed as a multiple of 
the maximum stress (P*) on 
the surface of the coating. 
Thickness (d) is expressed as 
a multiple of the contact 
radius (a) of the impacting 
particle. 


A model for the behavior of rain erosion protective coatings rationalizes the observed 
performance of many coatings, as shown in Fig. 7.43.72:/3 The graph shows the 
relative increase in waterjet damage threshold velocity as a function of coating thickness 
for a variety of coatings on zinc sulfide or germanium. The damage threshold velocity 
increases significantly for the first 10 tm of coating thickness and then there is only slow 


improvement with increasing thickness. 
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Fig. 7.43. Increase in 
waterjet damage threshold 
velocity for coatings on ZnS 
or Ge./3 BP = boron 
phosphide, DLC = diamond- 
like carbon. ZnS-Ge coating 
contains both ZnS and Ge. 
Upper two curves are 
calculated with Eq. (7-13). 
Dotted line is the first term 
in Eq. (7-13). The flaw in 
Fig. 7.44 is presumed to be 
of length 2a = 50 um for 
these calculations. 
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Fig. 7.44. A crack of length 2a 
initially at the surface is buried to depth 
t by a protective coating. The stress at 
the crack tip decreases as ¢ increases 
because (1) the stress intensity factor 
decreases with increasing distance from 
the surface and (2) the Rayleigh wave 


Crack tip that provides the tension to open the 
crack is attenuated with increasing 
distance below the surface. 


Window material 





The model on which Fig. 7.43 is based is the buried crack in Fig. 7.44. Prior to 
coating, a critical flaw of depth 2a terminates at the surface. This crack can initiate 
mechanical failure when the Rayleigh surface wave from a raindrop impact passes by. A 
coating of thickness ¢ buries the crack below the new surface. If the coating adheres 
perfectly to the window, and if the coating is durable enough not to be damaged by the 
raindrop impact, and if the crack does not propagate into the coating (three big ifs!), then 
the only direction for crack propagation is downward from the crack tip in Fig. 7.44. If 
all these conditions are met, then the main factor governing crack propagation is the 
reduced stress intensity factor (Section 8.2) at the crack tip when it is buried. As the 
crack is buried deeper, it takes a larger and larger force at the surface to open the crack. 


A second, smaller effect that makes it harder to open the buried crack is that the 
amplitude of the Rayleigh wave propagating along the surface is attenuated below the 
surface. The deeper the crack, the less it is affected by the Rayleigh wave on the surface. 


Figure 7.43 showed the increase in damage threshold velocity for coated (DT Vegateq) 
versus uncoated (DT Vyncoated) materials. The lines are computed from the equation 


DTV coated 2 (Ec ( Cote ’ ( ‘) 
Se ee) ee ee DS 7-13 
DTVuncoated oa) 3 (= CR DTVuncoated r, ( ) 


The term f(t/a), which is a function of the quotient of coating thickness, t, and crack 
radius, a, accounts for the decreased stress intensity factor at the crack tip as the crack is 
buried deeper below the surface. Numerical values are given below: 


t/a f(#/a) t/a f(t/a) Va _____—si(t/a) 
0 1 0.250 1.39 1.50 1.54 
0.053 1.21 0.429 1.44 2.33 1.55 
0.111 132 0.667 1.48 o0 1.59 
0.176 1.36 1.00 1.51 


The critical flaw size for ZnS was taken as 2a = 5O [1m to compute the curves in Fig. 
7.43. The numerical values of f(t/a) say, for example, that if t/a = 0.176, which means 
that t= 4.4 um, then the damage threshold velocity will be increased by 36%. 
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The second term in Eq. (7-13) accounts for attenuation of the Rayleigh wave with 
increasing depth. E, is Young's modulus for the coating, E, is the modulus of the 
substrate, cy is the compression wave speed in water, cr is the speed of the Rayleigh 
wave on the uncoated substrate, t is the coating thickness and r is the radius of the 
waterdrop or the effective radius of the front of a waterjet. The compression wave speed 
in water was given below Eq. (7-3) as cy, = 1500 m/s + 2v, where v is the impact speed 
(= DTVeoated). The Rayleigh wave speed was given in Eq. (7-7). For ZnS it is 2450 
m/s. 


The lowest curve in Fig. 7.43 is the term f(t/a) in Eq. (7-13). It accounts for most of 
the improvement in damage threshold velocity. What this means is that simply burying 
a crack beneath the coating increases the surface stress required to open the crack. Much 
of the value of the protective coating is that it buries the crack, which decreases the stress 
intensity factor at the crack tip. To perform this function, the coating must be strongly 
adherent and able to withstand impact stresses without failing. 


By virtue of their ability to alter the stress near surface cracks, thin coatings 
sometimes can increase the mechanical strength of materials. For example, a 10-pm- 
thick layer of boron phosphide (Section 7.8.3) increased the flexure strength of 
germanium disks from 104 to 185 MPa.’4 A 1-1m-thick antireflection coating of Y2O3 
on ZnS increased the flexure strength by 25%./> Sapphire coated at 1400°C with a 
60-tim-thick glass glaze (similar to a pottery glaze) is approximately twice as strong as 
uncoated sapphire at 25°C and at 500°C. 76 


In contrast to the behavior of a rigid coating, a compliant coating can also protect a 
substrate from impact damage. The compliant coating works by spreading the stress over 
a greater area./7 There is synergy between coating and substrate: The coating reduces the 
stress that is transmitted to the substrate, while the rigid, adherent substrate restricts the 
strain that can build up in the coating. For effective protection, the coating must be 
strongly bound to the substrate. The coating should be an elastomer with Poisson's ratio 
close to 0.5 so that large strains are accommodated by elastic deformation. The thickness 
should be approximately 20% of the contact radius of the impacting particle. Thinner 
coatings do not provide sufficient protection and are more likely to separate from the 
substrate because of high interfacial shear stresses. If the coating is too thick, 
reinforcement gained by attachment to the rigid substrate is lost. 


Another protective structure, shown in Fig. 7.45, features a rigid cladding bound by 
a compliant, transparent, adhesive layer to the optical window. A cladding is a coating 
that is thick enough to be free standing. Typical coatings are <50 um thick and claddings 
are typically 100 - 1000 tum thick. When a waterdrop strikes the cladding in Fig. 7.45, 
compression and shear waves are transmitted through the cladding (Fig. 7.7). At the 
interface between two materials (designated by subscripts 1 and 2 in Eq. [7-14]), waves are 
reflected just as light is reflected at the interface between air and glass. The fraction of 
energy of an incident stress wave reflected at the boundary is’® 


Cladding Fig. 7.45. Protective 
cladding attached to an optical 
window by a compliant adhesive 
layer. 






adhesive 
layer 





Optical window 
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Z1 - Z2)? 
Fraction of energy reflected = os (7-14) 
where Z is the acoustic impedance of each medium, given by 
; _Ep (-v) _ 
Z = density x speed of sound = Ep (-v (7-15) 


(1 - v) (1 - 2Vv) 


where p is the density of the material, E is Young's modulus and Vv is Poisson's ratio. 
The speed of sound is the speed of the compression wave, also called a longitudinal wave. 
An expression for the speed of the longitudinal wave was given in the footnote beneath 
Eq. (7-8). Equation (7-14) is analogous to Eq. (1-10) for reflection of light at an 
interface. The physics behind reflection of a shock wave and reflection of a light wave is 
similar. 


If a cladding is directly deposited on a window, and if each has a similar acoustic 
impedance, then the stress from an impact passes from the cladding to the window with 
little reflection. A compliant interface layer has much lower acoustic impedance than a 
ceramic because Young's modulus for the adhesive is much lower than Young's modulus 
for the ceramic. The adhesive layer in Fig. 7.45 reflects a large fraction of the impact 
energy back into the cladding. Little of the impact energy reaches the optical window. A 
key requirement is that the cladding must be strong enough to absorb the impact energy 
without shattering and the interface must be strong enough to prohibit delamination. 


Example: Reflection of stress waves in cladded structures. In the structure at the left 
below, a cladding of yttria is directly bonded to a ZnS window. What fraction of incident 
stress wave energy is reflected back into the yttria at the Y203/ZnS interface? In the 
structure at the right, what fraction of energy is reflected at the Y203/adhesive interface? 








-Y203 mae —Y 203 
ee 
ZnS adhesive 
layer 
Material E(GPa ke/m3 Vv Z (kg m-2s7! 
Y703 173 5030 0.30 3.4x 10/7 
ZnS 74 4080 0.29 2.0 x 107 
Adhesive 0.10 1000 0.48 9.4x 10° 


E and v are from Table 4.2. Density is from Table 3.6. Z is from Eq. (7-15). 
Properties of the adhesive are hypothetical. 


Reflected energy is computed with Eq. (7-14). For the Y203/ZnS interface we find 


(3.4 x 107 -2.0 x 107)? 


Fraction reflected = 
raction reflecte (3.4 x 107 + 2.0 x 107)2 


= 6.7% . 
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For the Y203/adhesive interface, the reflected energy is 


(3.4x 107 - 9.4 x 105)2 


(3.4x 107 +9.4 x 105)2 ~ mu 


Fraction reflected = 


Approximately 90% of the impact energy is reflected back into the yttria cladding from 
the compliant layer. Only 6.7% is reflected into the coating in the 2-layer structure. 





Figure 7.46 shows an impressive example of reflection of impact energy at a 
compliant interface./? The left photograph shows damage propagating from a ZnS 
cladding into a ZnSe window when the two layers are in direct contact in the commercial 
material, Tuftran.® The right photo shows that fractures do not propagate from the ZnS 
into the ZnSe through a compliant polymer adhesive layer. Damage in the ZnS layer, as 
measured by loss of transmission, is greater with the polymer adhesive, but the ZnSe is 
free of damage. 


Raindrop 
impact 





Fig. 7.46. Cross-sectional view of whirling arm waterdrop impact damage in Tuftran® 
ZnS/ZnSe composite (left) or a ZnS cladding bonded to a ZnSe substrate with a 
compliant polymer adhesive (right).’? Damage is not transmitted through the compliant 
interlayer into the ZnSe substrate. 


Finite element analysis has been used to model waterdrop impacts on composite 
windows with a compliant interlayer.89 The maximum tensile stress in the outer 
cladding is likely to be from flexure of the rear surface of the cladding directly beneath the 
impact point. 
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7.8.2 Diamond-like carbon and germanium-carbon coatings 


"Diamond-like carbon," often abbreviated DLC, is a class of hard, dense, amorphous 
hydrocarbons or pure carbon materials.8!-84 The densities are greater than graphite (2.25 
g/mL), but lower than diamond (3.51 g/mL). The hydrocarbons are very rich in carbon, 
with compositions in the approximate range CHop 3 to CH;.5. The material with no 
hydrogen is often called "hard carbon." Diamond-like carbon can be prepared by a variety 
of deposition methods that have in common the presence of 10-100 electron-volt carbon 
ions bombarding the surface during deposition. The Knoop hardness of diamond-like 
carbon, 1800-2000 kg/mm2, is similar to that of sapphire. The index of refraction of 
~2.0 at 10 tum makes diamond-like carbon a useful protective/antireflection coating for 
germanium, which has an index of refraction of 4.0. Coatings range from pale yellow to 
brown and the band gap for material grown from methane in a radio frequency plasma is 
1.06 eV. "Diamond-like carbon" prepared by electron cyclotron resonance chemical vapor 
deposition from neopentane and nitrogen is reported to have an index of refraction of 1.7 
and good visible transparency when the thickness is 1.4 m.85 


Diamond-like carbon is almost always deposited with high compressive stress (~0.5 - 
1 GPa®3,64,81), which prevents growth of thicknesses greater than ~2 um. Its high 
absorption coefficient (150-400 cm:! in the 8-12 tm region) also makes it futile to grow 
thick optical coatings. Diamond-like carbon prepared by magnetron sputtering of graphite 
can be prepared with an absorption coefficient as low as 80 cm=! at 10.6 um.8© With a 
thickness of ~0.1 lum, such a coating can protect KCI] laser windows from moisture 
without being damaged by the CO> laser. 


Diamond-like carbon is excellent for protection against abrasion (scratching) by solid 
particles, and is used on eyeglasses because it can be deposited on substrates close to 
room temperature. It adheres well to germanium, silicon and fused silica, but ZnS and 
ZnSe require thin intermediate layers of Ge to promote adhesion. Diamond-like carbon is 
not very good for rain erosion®!.83,87,88 because it cannot be grown in thick layers. 
With a thickness of ~1.3 um, diamond-like carbon is reported to increase the time for 
10% loss in optical contrast (Section 7.3.2) of Ge by a factor of 3 with 2-mm raindrops 
in a whirling arm test.©364 Diamond-like carbon finds its principal use as a thin 
abrasion-resistant outer layer in multilayer optical coatings. Another excellent abrasion- 
resistant coating called "amorphic diamond"®? is made of amorphous carbon containing 
no hydrogen. Made by laser ablation of carbon from a graphite target, this black-colored 
coating is limited to thin layers because it has strong absorption across the infrared 
spectrum. Figure 7.47 shows the increased waterjet damage threshold velocity (Section 
7.4.3) of amorphic diamond compared to diamond-like carbon.24 Another hard carbon 
coating made by radio frequency plasma chemical vapor deposition is a durable material 
with relatively low internal stress, but high absorption coefficient.2° The absorption 
problem was circumvented by making multilayer coatings containing hard carbon and 
silicon. 


Germanium-carbon?!.92 (sometimes incorrectly called "germanium carbide"), a 
hard, amorphous material containing Ge, C and H, is made from GeHg and butane or 
methane by plasma-assisted chemical vapor deposition or by radio frequency sputtering of 
a Ge target in a hydrocarbon atmosphere. It can be grown in thick layers (>100 tum), but 
provides only modest rain erosion resistance. Its index of refraction can be varied between 
2 and 4 by altering the Ge:C ratio. The absorption coefficient of one preparation was <10 
cm7! in the 3-12 um range.?! A more Ge-rich preparation had an absorption coefficient 
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Fig. 7.47. MIJA damage threshold velocity curves for different coatings on ZnS.*4 
Boron phosphide (BP) has the best erosion resistance of the coatings in this chart. 


in the range 40-270 cm! at 10.6 pm.?2 Young's modulus for Ge-C is reported to be 
near 300 GPa?3 and the nanoindentation hardness is 14-20 GPa.?2:93 An abrasion- 
resistant, multilayer, dual-band (3-5 and 8-12 jm) antireflection coating called ARG6 for 
ZnS is based on several different layers of germanium-carbon. 1 


7.8.3 "Boron phosphide" and other phosphorus-based coatings 


Boron phosphide is a coating from Pilkington Optronics (Glasgow, U.K.) that has 
demonstrated what is arguably the best erosion resistance of any thin coating material 
other than diamond.9:24,42,69,74,94-100 Figures 7.47 - 7.49 show representative rain 
and sand erosion comparisons. 
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The name "boron phosphide" is a misnomer. The chemical substance, BP, is a 
crystalline compound containing a 1:1 atomic ratio of boron and phosphorus. The 
commercial coating, made by plasma-assisted chemical vapor deposition from PH3 and 
B2H¢6 or BCl3 is an amorphous phosphorus glass containing some boron, hydrogen and 
oxygen. A typical formula might be BP409 1Ho.4!9° and the P:B atomic ratio is 
normally in the range 2:1 to 8:1. We will use the abbreviation "BP" for the boron 
phosphide coating, even though it does not have the chemical composition BP. The 
index of refraction, ~2.9, depends on composition.?4 The fracture toughness of boron 


phosphide is estimated to be 1.3 MPaVm.2 Films with a thickness of 5-17 um on 
silicon are compressively stressed at 300-400 MPa.?2 The Knoop hardness of thin films, 
measured with a tiny load of 5 grams, is 6000 kg/mm2.94 This hardness compares to 


GaP films at 4000 and germanium-carbon films at 2000 kg/mmz2 with the same indentor 
load. 


Gallium phosphide 

coating (6.6 um) Fig. 7.50. Near-infrared and 
visible transmission curves of 
boron phosphide and gallium 
phosphide coatings.?¢ 
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Boron phosphide 
10.1 um thick Optical transmission loss (%/tim) 


A, (uum) BP GaP 

9.24 0.4840.17 0.05 + 0.05 
10.21 054+40.16 0.01 + 0.05 
10.59 0.80+0.20 0.18 + 0.07 
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Fig. 7.51. Infrared loss in boron phosphide film.?4 The table gives losses expressed 
as percent transmission per micrometer of film thickness. 


Boron phosphide coatings have a black, lustrous appearance. Figure 7.50 shows the 
short wavelength cutoff of boron phosphide near 1 tum, with negligible visible 
transmittance.?4 Properties of a gallium phospide (GaP) coating are also shown in Fig. 
7.50. BP films have infrared absorptions at 4-5 um and beyond 10 um (Fig. 7.51). 


Up to a point, thick boron phosphide coatings offer more rain erosion protection than 
thinner coatings (Fig. 7.52).34 The optimum thickness is thought to be in the 10-15 
jim range. However, absorption at wavelengths longer than 10 1m limits the thickness 
for practical coatings. In sand erosion experiments with 220-500 tm sand particles at a 
speed of 30 m/s and a flux of 500 g/m2/s, the optimum thickness of boron phosphide to 
protect ZnS or Ge was 15 im. The optimum is thought to arise because thicker coatings 
reduce the impact stress at the substrate, but the intrinsic stress within the coating also 
increases with thickness. There is an intermediate thickness where these two opposing 
tendencies have the optimum balance.>7:!0! The optimum required coating thickness 
increases in proportion to the impact speed and increases in a quadratic manner with the 
diameter of the sand particles. 101 
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GaP coatings have much lower absorption than boron phosphide (see table in Fig. 
7.51), so composite structures with a thin layer of BP on top of a thicker layer of GaP 
have been developed. The BP is overcoated with a thin layer of diamond-like carbon as an 
abrasion-resistant antireflection coating. Figure 7.53 shows that the composite structure 
has almost as much sand erosion resistance as a thicker BP coating. Figure 7.54 
compares the optical performance of a thick BP coating to that of the BP/GaP composite. 
The two lower curves at the right side of the spectrum show that the composite structure 
has significantly higher transmittance. Figure 7.55 compares the emittance of several 
coatings at 500°C. Both BP and the BP/GaP composite have too much emittance to be 
used at elevated temperature. 
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Fig 7.54. Infrared transmission of multispectral zinc sulfide with different coatings.©? 
Transmission would be increased if the back side had an antireflection coating. 
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Fig. 7.55. Emittance of infrared window materials at 500°C measured at Rockwell 
Science Center. The diamond-like carbon outer antireflection coating burned off the 
BP/GaP/ms-ZnS sample at 500°C prior to the measurement. The diamond-like carbon 
coating probably also burned off the BP/ms-ZnS sample at 500°C. 


Several studies found that waterdrop impact damage occurs in a ZnS substrate prior to 
damage being observed in a boron phosphide coating.24.9 Seward et al.24 observed 
damage to the ZnS substrate before there was any damage in a 17-jum-thick BP coating. 
For an 11-~1m-thick coating, damage to the coating and substrate were concurrent. The 
damage threshold velocity curve for BP on standard ZnS in Fig. 7.56 shows a dual 
threshold behavior.? The "coating threshold curve" involves damage to both the substrate 
and the coating. The "substrate threshold curve” is observed after the coating has been 
stripped away for the substrate. To try to determine the "intrinsic" impact resistance of 
BP, it was coated on sapphire, which is extremely durable. A 10-lym-thick BP coating on 
sapphire began to fail after ~100 impacts on one site at a velocity of 490 m/s.24 
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Chemical-vapor-deposited (CVD) gallium phosphide with a thickness of ~20 um 
provides moderate rain erosion resistance on GaAs and Ge.!92,103 A diamond-like 
carbon outer layer serves as an antireflection coating and provides abrasion resistance. An 
advantage of GaP is its low absorption throughout the midwave and long wave infrared 
regions. In a study of coated, polycrystalline germanium, it was observed that grains in 
which the (111) crystal plane was impacted had 6 times less damage from waterdrops than 
grains in which the (100) crystal plane was impacted.!93 The single-impact damage 
threshold velocity for bulk, polycrystalline, CVD GaP for a 0.8-mm waterjet is ~200 
m/s.194 This is similar to the performance of germanium-carbon on ZnS in Fig. 7.47. 


A promising erosion-resistant coating with broadband capability is aluminum 
gallium phosphide (abbreviated AlGaP).!95 Transmission spectra of 18-ym-thick 
coatings on multispectral ZnS are shown in Fig. 7.57. The Knoop hardness of the 
coating, measured with a 25 g load, is 1300 kg/mm. The hardness of bare multispectral 
ZnS is 180 kg/mm. When multispectral ZnS was coated with AlGaP and overcoated 
with a multilayer, hard carbon antireflection coating, it survived whirling arm rain erosion 
tests (210 m/s, 20 min, 2-mm drops, 25.4 mm/h rainfall) and separate sand erosion tests 
(54-75 um sand, 77 m/s, normal incidence, 20 mg/cm?) with <2% transmission loss. 
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Fig. 7.57. Transmission spectra of 18-lm-thick aluminum gallium phosphide on 
multispectral ZnS.195 Transmission would be increased to ~85% in selected bands by 
2-sided antireflection coatings. 


7.8.4 "REP" coating 


Raytheon demonstrated that a sputtered layer of ZnS on a bulk ZnS window provides 
rain impact protection.’3 The protection might arise from a combination of burying 
flaws on the original ZnS (Fig. 7.44) and, perhaps, from intrinsic compressive stress in 
the coating. The sputtered ZnS coating was given the imaginative name "REP" coating, 
which stands for "rain erosion protection." Because ZnS has virtually no abrasion 
resistance, a durable oxide-based antireflection coating was applied over the REP coating. 
The oxide coating is called "DAR" for "durable antireflection coating." Several different 
oxide coatings are designated DAR-1, DAR-2, etc. 
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Fig. 7.58. Appearance of uncoated and REP-coated standard ZnS after 10 min in a 25.4 
mm/h whirling arm rainfield at 210 m/s.73-106 





Uncoated Coated 


Fig. 7.59. Appearance or uncoated and DAR/REP-coated standard ZnS after 1 min of 
heating in air at 1000°C.’73 The DAR coating protects the ZnS from reaction with air at 
elevated temperature. 


A REP coating thickness of 25 jum increases the waterjet damage threshold velocity 
of ZnS by 60%, which is consistent with the solid curve in Fig. 7.43. Figure 7.58 
shows the surfaces of coated and uncoated ZnS following a whirling arm rain exposure. 
The protection offered by the coating is obvious. An added bonus of the DAR 
antireflection coating is that it protects ZnS from oxidation. Figure. 7.59 shows the 
appearance of uncoated and coated specimens after exposure to 1000°C in air for 1 min. 
The opaque appearance of the uncoated specimen is likely the result of surface oxidation. 
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The DAR/REP coating provides better sand erosion resistance than many standard 
antireflection coatings, as seen in the second trace from the top in Fig. 7.63. However, 
Fig. 7.49 showed that the sand erosion resistance of DAR/REP-coated multispectral ZnS 
is poorer than MgF> and much poorer than boron phosphide-coated multispectral ZnS. In 
side-by-side rain erosion tests, the DAR/REP coating did not protect multispectral ZnS as 
well as a boron phosphide coating.©? 


Figure 7.54 shows that the long wave infrared transmission of DAR/REP-coated ZnS 
is similar to that of uncoated material. However, the DAR/REP coating has more 
emittance than uncoated material at wavelengths beyond 9 um in Fig. 7.55. This is most 
likely a result of the DAR oxide coating. | 


7.8.5 Claddings 


A cladding is a relatively thick layer of material used to protect a window. A 
cladding is thick enough to be free standing if it were not attached to the window. 
Although there is no recognized definition, a cladding might be considered to be a layer 
that is 2100 pm in thickness, whereas a coating is thinner. In Section 5.3.1 and Fig. 
7.46 we encountered the commercial material, Tuftran®, which consists of a ZnSe 
window with a |-mm-thick ZnS cladding. The cladding provides some erosion resistance 
for the very soft ZnSe. In Tuftran, the ZnS is deposited directly on top of the ZnSe. 
Now we describe protective claddings made of silicon or polymer bonded to a window. 


Silicon has moderate rain erosion resistance (Fig. 7.15), but poor sand erosion 
resistance (Fig. 7.49). A 1-mm-thick layer of polycrystalline silicon was demonstrated to 
provide rain erosion protection for ZnSe in 1980.!07 The Si cladding was bonded to the 
ZnSe with a rigid, infrared-transparent glass braze.1!08 One disadvantage of this design 
is that silicon has weak absorptions in the long wave infrared region where the window 
could be used (Fig. 1.30). (However, the Si-O absorption band near 9 tim in current 
polycrystalline silicon from Raytheon is only about one fourth as intense as the 
corresponding band in most single-crystal silicon.) A second disadvantage is that stress is 
created by differential thermal expansion of Si and ZnSe. As the composite cools down 
~250°C from the brazing temperature, the cladding contracts less than the underlying 
window. The cladding ends up in compression and the ZnSe in tension. 


The concept of protecting a gallium arsenide window with a layer of silicon was 
granted a U.S. patent in 1993.!09 When a 75-Lum coating of Si was deposited on GaAs, 
the damage threshold velocity for 4-mm waterdrops increased from 130 m/s to 210 m/s . 
It was proposed that doping the Si to make it electrically conductive could be used to 
provide protection from electromagnetic interference or to allow de-icing capability. 


The particularly promising structure in Fig. 7.60 employs a polymer adhesive layer 
to bind 2-mm-thick ZnS or 1-mm-thick polycrystalline silicon claddings to ZnSe 
windows.!!0 The window and cladding are separately polished and antireflection coated 
prior to assembly. Figure 7.46 showed that a compliant layer is extremely effective at 
reflecting impact shock waves back into the cladding. When the cladding is damaged, it 
can be removed and replaced without having to replace the more expensive ZnSe window. 


TA braze made of arsenic, sulfur and selenium softens below 250°C and is useful for this 
purpose. The braze is called a chalcogenide (pronounced “kal ko jen ide") braze because 
the elements S and Se belong to the family of elements called chalcogenides. 
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Fig. 7.60. Structure of optical window with protective cladding.! 10 


Figure 7.61 shows the optical performance of two composite windows. The fine- 


grain polycrystalline silicon cladding, which is somewhat stronger than single-crystal 
silicon,! is made by chemical vapor deposition. It cannot readily fracture on crystal 
cleavage planes the way single-crystal silicon does when impacted by waterdrops (Fig. 
7.62). 
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tRaytheon flexure strength data: chemical-vapor-deposited polycrystalline $i: 169 MPa; 
single-crystal (100) Si: 138 MPa; single-crystal (111) Si: 119:MPa. Coarse-grain 
polycrystalline silicon grown from melts is no stronger than single-crystal silicon. 
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Fig. 7.62. Undamaged polycrystal- 
line silicon and heavily damaged single- 
crystal silicon after whirling arm rain 
impact tests. Single-crystal materials 
fracture on crystal cleavage planes. 
[Courtesy R. Korenstein, Raytheon.] 
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Figure 7.63 illustrates the improvement in sand erosion resistance attained by 
coatings.!10 A conventional antireflection coating on ZnS loses transmission rapidly. 
We saw in Fig. 7.49 that uncoated single-crystal silicon has poor abrasion resistance. A 
diamond-like carbon coating on polycrystalline silicon still provides only modest sand 
erosion resistance in Fig. 7.63. A zirconia coating on ZnS performs better. By far, the 
best results were observed with a 1-p1m-thick antireflection coating made of chemical- 
vapor-deposited diamond on polycrystalline silicon. A cladded structure like the one in 
Fig. 7.60 with a compliant adhesive, a polycrystalline silicon cladding, and an outermost 
layer of diamond is extremely durable. 


Another cladding worthy of mention is the polymer described in Section 5.7.11} 
This material has a high modulus in the plane of the cladding and a low modulus 
perpendicular to the plane. It is easily deformed by waterdrop impact (20 min at 210 m/s 
in 2.54 cm/h whirling arm rainfield), but does not readily transmit strain in a lateral 
direction. Its resistance to sand erosion is excellent. The polymer has a transmission 
window from 8 to 13 um. Figure 7.64 shows a composite window structure and Fig. 
7.65 shows a deep dimple left by the impact of a 2.2-mm waterdrop at 337 m/s (Mach 
1.0). The cladding is damaged, but there is no damage in the underlying window. The 
theory is that the polymer cladding could be removed and replaced when it is worn out. 
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Fig. 7.64. Com- 
posite window with 
polymer cladding. !11 


Fig. 7.65. Round dimple 
just below center is impact 
damage from 2.2-mm 
waterdrop at 337 m/s on 
polymer cladding on 19-mm- 
diameter GaAs.!!! Damage 
is confined to the cladding. 
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7.8.6 Diamond coatings 


Diamond coatings up to several microns thick can be grown directly on silicon by 
chemical vapor deposition. Thicker layers do not survive cooldown after growth because 
diamond has significantly lower thermal expansion than silicon. Stresses developed 
during cooldown of thick layers result in delamination and/or fracture. Diamond cannot 
be grown directly on ZnS because the hydrogen plasma used to grow diamond attacks the 
ZnS. Instead, infrared-transparent interlayers are used to protect the substrate from the 
plasma, to provide an intermediate thermal expansion, and to promote adhesion.!!2,!13 
By this means, continuous diamond films greater than 1 {1m in thickness have been 
deposited on ZnS. Adhesion is enhanced by lithographically patterning the ZnS with a 
grid structure prior to interlayer deposition (Fig. 7.70).11211 


To deposit diamond on germanium, the Ge surface is first patterned by lithography 
and ion milling to create a series of "hilltops" that promote adhesion of the diamond.!!4 
An expansion-matching interlayer is then applied prior to diamond deposition. 
Conditions that maintain a grain size <1 {4m are required to minimize optical scatter from 
the diamond layer.!!5 Based on published transmission curves, the optical scatter of the 
small-grain diamond is negligible in the long wave infrared region and ~10% in the 
midwave region. A thin, transparent diamond layer has also been applied to sapphire with 
the use of an interlayer.!!5 Table 7.10 shows the improvement in waterjet damage 
threshold velocity for various materials coated with diamond. 


Table 7.10. Waterjet (MIJA) damage threshold velocity” for diamond coatings?:! 16 


Diamond thickness (ttm 


Substrate Coated (m/s 











Zns 5 213 
Ge variable 313 
Si unstated 325 
Sapphire 7 565 


*Threshold for 300 shots from 0.8-mm nozzle. 


Instead of growing a thin coating directly on a substrate, diamond can be attached 
with an optical braze (Fig. 7.66).117:198 First, a thin diamond layer is grown on an 
optically smooth silicon substrate. The diamond facing the substrate is optically smooth, 
but the growth surface of the diamond is relatively rough and therefore scatters light. 
Ordinarily, this rough surface would require polishing before it could be used in an optical 
system. Instead, a sandwich is made in which a glass bonding layer is placed between the 
rough surface of the diamond and the smooth surface of a zinc sulfide or zinc selenide 
window. The bonding layer is an arsenic-selenium-sulfur glass whose refractive index is 
close to that of diamond (which, coincidentally, is nearly equal to those of ZnS or ZnSe). 


The sandwich is then hot pressed (Fig. 7.66, center) above the softening temperature 
of the glass, so that the glass flows into the crevices of the rough diamond surface and 
glues the diamond to the zinc selenide. In the final step (Fig. 7.66, right), the silicon is 
dissolved in hydrofluoric acid, exposing the smooth diamond surface. A finished window 
is shown in Fig, 9.1. 
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Fig. 7.66. Westinghouse optical brazing process!!7,108 for attachment of diamond to 
ZnSe or ZnS using an infrared-transparent glass bonding layer whose index of refraction is 
matched to that of diamond. 


Figure 7.67 shows the effect of brazing on infrared optical scatter. The lower curve 
gives the transmission of an 8-lm-thick diamond layer, while the upper curve shows the 
transmission of the same diamond brazed to zinc selenide. The upper curve is level near 
the expected transmittance of a nonabsorbing, nonscattering layer of diamond on zinc 
selenide. The difference between the two curves represents scatter from the rough diamond 
surface. By embedding the diamond surface in a medium of the same refractive index, the 
roughness is effectively eliminated and scatter is reduced to a negligible level. 


The damage threshold velocity for a 2-mm waterdrop on ZnS is 175 m/s. An 
optically brazed 20-1um diamond layer increased the threshold velocity to 290-335 m/s.!18 
For ZnSe, the threshold velocity increased from 140 to 350 m/s. Doubling the thickness 
of the diamond did not increase the damage threshold velocity, nor did increasing the 
thickness of the braze layer to as much as 35 uum. 


The dramatic micrographs in Fig. 7.68 show the damage in ZnS impacted above the 
damage threshold velocity. The photo at the left, taken in reflected light, shows two ring 
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Fig. 7.68. Single 2-mm waterdrop impact at 390 m/s on diamond-coated ZnS (20-um- 
thick diamond bonded with chalcogenide glass braze, Fig. 7.66).118 Left: Nomarski 
micrograph showing only surface features in reflected light. Right: Internal damage seen 
with transmitted light. 


fractures with several radial fractures propagating away from the center of the impact. The 
photo at the right (in which the scale is increased by a factor of 2) shows the same impact 
site in transmitted light, which highlights internal damage in the ZnS. You can see that 
the damage inside the ZnS covers a much wider area than the ring fracture on the surface. 


Rain erosion resistance of diamond has not been as great as originally expected, 
because the chemical-vapor-deposited material is significantly weaker than natural 
diamond. However, chemical-vapor-deposited diamond is as hard as natural diamond, so 
its abrasion resistance is excellent (although not as good as natural diamond>>). 
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Figure 7.69 shows that.a sand erosion condition which obliterates the surface of 
germanium in 10 s does essentially no damage in 200 s if the Ge is protected by 7 tum of 
diamond.42:114 When the sand velocity is increased from 120 to 150 m/s, the diamond 
is damaged. The sand load after 200 s in Fig. 7.69 is equivalent to flying through light 
haze for more than 2000 h or flying through a dust storm for 37 h.!14 Detailed studies 
of sand abrasion of diamond coatings show that the first step is formation of ring cracks, 
followed by debonding under more severe conditions.>>»!19 


The grid structure patterned into ZnS in Fig. 7.70 promotes diamond adhesion and 
enhances sand erosion resistance.!!2 The gently rounded bumps provided better erosion 
resistance than did a flat surface or a grid with sharp peaks. A diamond thickness of 1.0 
Lim on ZnS was more effective than thicker diamond. 





Fig. 7.70. Left: Lithographically patterned ZnS surface designed to promote adhesion 
of diamond layer.!!12 The ZnS surface has been coated with a proprietary interlayer. 
Right: Appearance of surface after depositing 1 um of diamond in a microwave plasma. 
[Photos courtesy R. Korenstein, Raytheon.] 
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Chapter 8 
PROOF TESTING 


The range of strengths of a set of identically manufactured ceramic windows is 
usually quite large. For example, in Table 3.1 the weakest member of a set of 13 zinc 
sulfide disks had about half the strength of the strongest member. The median strength of 
ZnS windows with the Weibull distribution in Fig. 3.18 is 94 MPa. If you were asked 
to design a system with 99.9% reliability, you would have to limit the stress on the 
window to <28 MPa. Such a limitation severely inhibits the use of ceramic components. 
A proof test removes the weakest members of a population of components so that the 
remaining population will function reliably at a higher level of stress. 


Suppose that you must provide ZnS windows that will withstand a service stress of 


50 MPa with 99.9% reliability. One way that you might accomplish this is to subject 
each window to a proof stress of, say 60 MPa. Figure 8.1 shows that 5.8% of the 
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Fig. 8.1. Strengths of ZnS windows based on Weibull parameters from Fig. 3.18 
(solid line). P is the probability of failure and S is strength. The dashed line is the 
expected distribution of strengths of windows that survive a proof test at 60 MPa if there 
is no slow crack growth during the proof test to weaken the windows. Note that the 
Weibull distribution is a straight line when plotting In (In [(1-P)-!] vs. nS. 
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windows are expected to break during the proof test. After sweeping the broken pieces 
from the factory floor, you would like to be able to assure your customer with some 
confidence that the remaining windows will survive when they are reloaded to 50 MPa. 


Unfortunately, it is possible for pre-existing microcracks to grow larger during a 
proof test. If this happens, then the surviving proof-tested windows would not be as 
strong as we expect in Fig. 8.1. In the worst case, it is possible for a proof-tested set of 
windows to be weaker than the original untested distribution. Let's examine a case study 
before considering the analytical details of proof tests. 


8.1 Case study: proof testing of zinc selenide 


When chemical vapor deposited zinc selenide was first developed, its properties were 
studied for application as a laser window.! In one experiment, rectangular bars were cut 
from several plates of ZnSe that were grown in an identical manner. The bars were 
polished and their strengths were measured in a 4-point flexure test. The median failure 
stress was 47 MPa: Half of the bars failed below 47 MPa and half failed above 47 MPa. 


A proof test was conducted in the following manner to select bars whose strength 
was 247 MPa:! | 


1. A fresh set of 41 polished bars was selected and each was loaded at a constant rate 
(crosshead speed = 0.508 mm/min) until it broke or until the stress was 47 MPa. 
Results are shown by (e) in Fig. 8.2: 20 of the 41 bars broke with an average 
strength of 42 + 6 MPa. 


2. The load on each surviving bar was relaxed to 1 MPa and then the bar was 
reloaded until it broke. Results shown by (x) in Fig. 8.2 indicate that the 21 
survivors from step 1 had an average strength of 49 + 3 MPa. Four of the 21 
broke slightly below the proof stress of 47 MPa, with the weakest breaking at 
45.5 MPa. 


The curves in Fig. 8.2 are the expected Weibull distribution based on earlier 
experiments. Bars that failed the proof test agree with the expected distribution. The 
strengths of the survivors are slightly below the predicted values. We conclude that the 
proof test weakened the ZnSe slightly. However, if we want each bar to survive reloading 
once to a stress of, say, 40 MPa, then a proof test at 47 MPa is reasonable. 


A second proof test was carried out by loading each of 21 ZnSe bars 20 consecutive 
times to a stress of 28 MPa.! One bar broke during the proof test. The survivors were 
loaded until they failed, with results shown in Fig. 8.3. The average strength of the 
survivors was 4] + 3 MPa, which is 87% of the average strength of the virgin population 
of ZnSe prior to proof testing. However, the repetitive loading proof test eliminated the 
part of the population with a strength below 28 MPa. 


Figs. 8.2 and 8.3 show that proof testing does weaken ZnSe somewhat. Would 
ZnSe eventually break after many consecutive cycles of loading and unloading at a fairly 
low stress? Table 8.1 shows the results of one such dynamic fatigue test in which 9 
specimens of ZnSe from the population with a median strength of 47 MPa were each 
loaded 10 million times. Specimens loaded up to 38.5 MPa survived 107 loading cycles 
and then had a mean strength of 42.9 + 5.2 MPa. This residual strength is not 
significantly different from the residual strength after 20 loadings to 28 MPa in Fig. 8.3. 
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Fig. 8.2. Cumulative failure distribution of ZnSe proof tested at 47 MPa.! 
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Fig. 8.3. Failure distribution of ZnSe repetitively loaded at a proof stress of 28 MPa.! 


Of the two specimens loaded at 39.9 MPa, one survived 107 cycles and one broke after 
174 000 cycles. Two bars loaded above 40 MPa broke during the first cycle. In this 
experiment it appears that 10’ loading cycles are not more harmful than 20 cycles. 
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Table 8.1. Dynamic fatigue test of ZnSe! 


Maximum cyclic stress (MPa Cycles to failure Post-test flexure strength (MPa 

14.1 survived 107 39.6 
21.2 survived 10/ 37.4 
28.3 survived 107 40.6 
33.6 survived 107 47.5 
38.5 survived 107 49.4 
39.9 survived 10/ 44.9 
39.9 174 000 | ~~ 

40.7 l -—- 

42.1 1 = 


One more set of tests was carried out with ZnSe from the same population with a 
median strength of 47 MPa to see if slow crack growth occurs under static fatigue. 
Flexure bars were loaded to the stresses in Table 8.2 and left until they broke (or until the 
experimenter got tired). Three bars loaded at 26, 38 and 39 MPa did not fail after many 
days. The remaining samples loaded at 35-39 MPa broke in times ranging from 0 to 600 
min. The spread of behavior in Table 8.2 is daunting if you are concerned about ceramic 
reliability. Subsequent tests indicated that slow crack growth occurs in ZnSe during static 
loading under the influence of atmospheric moisture.2_ The growth of cracks under the 
combined influence of stress and a chemical agent, called stress corrosion, is common to 
many ceramics. Water is the most common corrosive agent for many ceramics. 


Table 8.2. Static fatigue test of ZnSe! 


Static stress (MPa) “Failure time (min) Comments 

26 >15 900 no failure 

35 4 —— 

37 4 — 

38 0 failed on loading 
38 0 failed on loading 
38 0 failed on loading 
38 4 — 

38 600 = 

38 >6600 no failure 

39 240 — 

39 CF >7200 no failure 


8.1.1 An example of an unsuccessful proof test 


If a proof test is not designed properly, the strength of the surviving specimens can 
be the same? or even lower*»> than the strength of the original specimens. Fig. 8.4 
shows an example in which the survivors of a mechanical test have essentially the same 
strength distribution as the initial population. 
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Fig. 8.4. Strength distribution 
of virgin glass disks and a set of 
similar disks that had survived a 
thermal shock test.2 The 
population of thermal shock 
survivors is no stronger than the 
initial population, even though the 
thermal shock test destroyed 
25-89% of the disks that were 
tested. 


PROBABILITY OF FAILURE 





0 50 100 150 
STRESS (MPa) 


In this experiment, glass disks were subjected to a thermal shock test by contact with 
a hot brass rod using oil on the contact surface to facilitate heat transfer. In different sets 
of tests 25 to 89% of the disks broke when rapidly heated by the brass rod. Ring-on-ring 
flexure testing of 47 virgin disks that had not been subjected to thermal shock gave a 
mean strength of 104 MPa with a standard deviation of 26 MPa and a Weibull modulus of 
4. Flexure testing of 33 disks that survived the thermal shock test gave a mean strength 
of 110 + 23 MPa with a Weibull modulus of 5. The similarity of the two strength 
distributions in Fig. 8.4 suggests that the thermal shock test caused subcritical cracks to 
grow during the test, thus weakening the survivors. 


One way to verify that a mechanical proof test is not weakening the survivors is to 
show that specimens that pass the test once can pass repeatedly. Without such assurance, 
the proof test is not trustworthy. 


8.2 What is the stress intensity factor? 


In order to discuss slow crack growth during a proof test, we need to describe the 
stress distribution near a crack tip. Figure 8.5 shows a thin crack of length 2a in an 
infinite plane. You can think of this as a small, half-penny shaped crack of radius a 
intersecting the surface of a ceramic window. Relative to the size of the crack (tens of 
micrometers), the window is an infinite plane. If there were no-crack in the plane, then 
when the stress Ogpplied is imposed across the plane, all points would feel the uniform 
Stf€ss Ogpplied in the y direction. If the plane has a crack in it, the cracked portion is not 
bearing a load, so the uncracked portion must bear some extra load. The extra stress is 
concentrated near the tips of the crack. Even though force is only applied in the y 
direction in Fig. 8.5, the presence of the crack generates stress in the x direction and 
slight shear stress in the xy plane. 


The stresses in the element of material whose coordinates are (r, @) in Fig. 8.5 are Oy 
in the y direction, O, in the x direction, and the shear Ty, (= Tyy) in the xy plane. All 
three types of stress depend on the coordinates r and @ in the following general manner:® 


Ky 
8-1 
\ a en) 





Stress = 
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° applied 





Infinite plane 


CO applied ' 


Fig. 8.5. A crack of length 2a in an infinite plane subjected to a stress Ogppiied. At 
any point in the plane with coordinates (r, @), there is a stress in the y direction (Oy), a 
stress in the x direction (0,), and a shear stress (Tyx = Ty). 


where the constant Ky, called the stress intensity factor is determined by the geometry of 


the problem. Common units for Ky, are MPaVm. The angular function, f(9), is different 
for Ox, Oy, and Try, but does not depend on the geometry of the problem. The entire 
stress field in Fig. 8.5 is specified if we know the constant K7. 


For a crack in an infinite plane, it turns out that the stress intensity factor is K; = 


Capplied V ta. Figure 8.6 shows stress contours for 0, and Oy near the crack tip of Fig. 
8.5. The shapes of the contours are described by f(0) in Eq. (8-1). The magnitudes of the 


stresses are governed by Ky. Stress is proportional to 1V7 as the distance from the crack 
tip increases. The shear stresses are much smaller than 0, and Oy and are confined to a 
region too close to the crack tip to be shown in this diagram. 


According to Eg. (8-1), stress increases to infinity at the crack tip. Obviously, this 
cannot happen. When stress becomes great enough immediately adjacent to the crack tip, 
material flows in a plastic manner instead of the elastic manner described by Eq. (8-1). 


8.3 Slow crack growth 


The classic method for measuring slow crack growth in a ceramic is with the double 
cantilever beam specimen in Fig. 8.7.7°8-9 A small crack is intentionally introduced and 
the constant force P is then applied to pull the beam apart and cause the crack to grow 
along the direction of the guiding notch. The position of the crack tip is monitored 
optically as the crack grows to lengths of 2 to 4 cm at typical rates of 10-19 to 10-4 m/s. 
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Fig. 8.6. Enlarged view of the region near the crack tip in Fig. 8.5 showing oy (solid 
curves) and O, (broken curves). Stresses are expressed as multiples of the external stress, 
Oapplied- Distances along the Cartesian axes are expressed as multiples of the crack 
radius, a. That is, the length of the x axis is just two tenths of the crack radius. 


Guiding notch 





Fig. 8.7. Double cantilever beam specimen for measuring slow crack growth. An 
improved experimental design applies a constant bending moment to the specimen, rather 
than the constant load shown in this figure. !0 
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Crack velocity is the rate of change of crack length (a) with time (2): 
Crack velocity = v =da/dt. (8-2) 


The stress intensity factor in Eq. (8-1) governing the stress field at the tip of the crack for 
the double cantilever specimen is**> 


Fa d 
Kk; = --—-—"_— (34 7 +2.315 _ 8-3 
1 pla wb . a 7 


where the dimensions d, w and b are defined in Fig. 8.7. The stress intensity factor 
increases as the applied force (P) increases and as the length of the crack increases. 


An extensive study of crack propagation in glass is summarized in Fig. 8.8.8:13 In 
this illustration, the observed crack velocity is plotted as a function of the stress intensity 
factor calculated with Eq. (8-3). The greater the stress intensity factor, the faster the rate 
of crack growth. In much of the graph, crack velocity increases by one or more 
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Fig. 8.8. Crack velocity in soda lime silicate glass in humid nitrogen atmospheres and 


in liquid water. Relative humidities labeled on the graph range from 0.017% to 
100%.8:13 Points are shown for three of the conditions to indicate the spread of the data. 
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orders of magnitude when the stress intensity factor increases by just 10%. The crack 
velocity curves can be divided into three general regions: 


1. In region I of Fig. 8.8 (the lower left portion of each curve), crack velocity 
increases as the humidity in the test atmosphere increases. Crack velocity is 
greatest when the specimen is immersed in liquid water (upper left curve). The 
rate of crack growth in region I is governed by the rate of reaction of water with 
the glass. 


2. In region II the crack velocity is independent of the stress intensity factor, but is 
still strongly dependent on humidity. Crack velocity in region II is governed by 
the rate at which water diffuses to the crack tip to react with the glass. 


3. In region III, crack velocity again increases very rapidly with increasing stress 
intensity factor, but is independent of the concentration of water in the 
environment. The rate of crack growth is controlled by the chemical 
composition of the glass. Crack velocity may be so rapid in region III that 
fracture is essentially instantaneous. 


The ability of water to enhance crack propagation under an applied stress is called 
stress corrosion. A possible mechanism by which water reacts with the silicate lattice of 
glass at the tip of the growing crack is shown in Fig. 8.9.14 In region I of Fig. 8.8, the 
crack velocity increases with increasing temperature and with increasing pH (increasing 
OH: concentration) if the glass is immersed in aqueous solution. 


In regions | and III of Fig. 8.8 the dependence of crack velocity on stress intensity is: 


Crack velocity = v =AK,” (8-4) 


where A and n are constants. If v is given in m/s and K7 is expressed as MPaV m, the 


~Si 
“hare 7TH 8-0-S-0-S Nat HO Ss+-0-s-0-6 


Lo O 0 0 — > Hod 6 6 







| l l 
go aie tip” Si-O-Si-0-Si Si-O-Si-O-Si 
Q@ 7 cesar een 

Solid glass 
, : 
Nat HO \~O_.., ; Nat HO Si~o_ 
HO Si-O-Si a HO Si-0-Si 
HQ | | q— - 
_O-Si-O-Si \ _9-Si-O-Si 


Si Si 
Oo ——— (0) 


Fig. 8.9. Proposed mechanism for stress corrosion in glass.!4 In going from step (a) 
to step (b), water reacts with a -SiO-Na* group on the surface of the glass to produce 
—SiOH and NatOH-. In step (c) the OH" breaks a —-Si-O-Si-— bond at the crack tip. In 
step (d) another molecule of H2O reacts with the —SiO~ group generated in step (c) to 
create a new molecule of OH” that can attack another -Si-O-—Si— bond at the crack tip. 
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Fig. 8.10. Crack velocity on the r crystal plane in sapphire at relative humidities from 
0.02% to 50% demonstrates that stress corrosion occurs.?:!3.15 


exponent n is in the range 15-50 for glasses,®»!2 near 50 for sapphire (Fig. 8.10),/3.15 
AO for ZnSe2 and 170 for ZnS in water.!© Equation (8-4) simply restates that crack 
velocity increases extremely rapidly with increasing stress intensity. 





Example: Effect of humidity on crack growth rate in sapphire. Region I crack 
growth for the r-plane of sapphire in Fig. 8.10 obeys Eq. (8-4) with the following 
numerical constants: 


0.08% humidity: v (m/s) = (1.5 x 10-6) K)§3-2 
3.0% humidity: v (m/s) = (3.5 x 10°3) K/*9-? 


when K7 is expressed in the units MPaVm. How much faster does a crack grow in 3.0% 
humidity compared to 0.08% humidity if the stress intensity factor is 0.85 MPaV m? 
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Plugging in for K7; in the rate equations gives 
0.08% humidity: v = (1.5 x 10°) (0.8593-2) = 5.2x 1071! m/s 


3.0% humidity: ov = (3.5x 103) (0.8549-9) = 1.7x 10° m/s. 


Increasing the humidity from 0.08% to 3.0% increases the rate of crack growth by a 
factor of (1.7 x 10-6 m/s)/(5.2 x 10°!! m/s) = 3 x 104 in region I in Fig. 8.10. In region 


II (from K7 = 1.0 to 1.4 MPaV m), the crack growth rate in 3.0% humidity is only 24 
times greater than the growth rate at 0.08% humidity. In region III the crack growth rate 
is independent of humidity. 


Equation (8-4) provides a simple fit for crack velocity in regions I and III of Figs. 8.8 
and 8.10. Another equation that has been used in regions I and III is v = v ePAi, where 
Vo and B are empirical constants.!7 A more complex equation that fits crack velocity in 
all three regions has also been given.!8 


Temperature can have a very strong influence on the rate of crack propagation. A 
study of crack growth on the r-plane of sapphire in vacuum at temperatures from 200° to 
600°C produced the following approximate relation between crack velocity, v, and 
temperature: !? 


v (m/s) = voeC# * + 0.423K7)/(RT) : (8-5) 


where K7 is expressed in PaVm, E* is an activation energy equal to 8.9 x 10° J/mol, R 
is the gas constant (8.3145 J/[mol:K]) and T is in kelvins. The value of vo is e193 m/s. 
We see in Fig. 8.11 that increasing the temperature from 473 K to 873 K increases the 
rate of crack propagation by a factor of 1019. 
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= 9 Fig. 8.11. Crack propagation rate 
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8.4 The theory of proof testing 


Our goal now is to derive an equation that describes how the strength of a ceramic 
changes during a proof test. Our approach follows that of Fuller et al.2° which, in turn, 
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builds on work of Evans and Fuller.2! Three simple equations relating flaw size, stress 
intensity factor, crack velocity and strength serve as the starting point. 


First, we note that the stress intensity factor for a crack of radius a (diameter = 2a) in 
a solid of finite dimensions under the externally applied stress o has the general form 


Stress intensity factor = Ky = oYVa (8-6) 


where Y is a geometric factor that depends on the geometry of the loading and the crack 
configuration. The second key equation was (8-4) which related crack velocity to the 
stress intensity factor: 


a = AK jf" (8-4) 


Crack velocity = v = d 


where ¢ is time and A and n are parameters measured in an experiment such as the one in 
Figs. 8.7 and 8.8. In many cases, slow crack growth is only significant in region I of 
Fig. 8.8. In regions II and III, crack growth is so fast that failure is very rapid. Although 
we will only analyze crack growth in region I, Fuller et al.29 give results for the general 
case in which regions I, II and III are significant. 


The third key equation is the relation between the strength (S) of a ceramic part and 
the critical stress intensity factor, Kj-: 


Kic 
==. (8-7) 
yVa 


Equation (8-7) is equivalent to Eq. (3-35). It says that when the stress intensity factor at 
the crack tip reaches the critical value K7,, the crack grows so fast that the part fails 
essentially instantaneously. The strength of the part is the applied stress at which failure 
occurs. Equation (8-7) is just a rearranged form of Eq. (8-6) at the instant of failure. 


Strength = S = 


Now consider the proof test in Fig. 8.12. Stress is applied to a ceramic component 
at the constant rate GO» until the proof stress Op is reached. Then stress is then relieved at 
the constant rate G, . The symbol G4 stands for the time rate of change of the loading 
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stress (MPa/s). Similarly, oy is the magnitude of the rate (MPa/s) at which the 
component is unloaded. (6, is a positive number.) Other stress profiles can certainly be 
used in proof tests, but we will only analyze the case in Fig. 8.12. 


8.4.1 How strength changes during a proof test 


If we want to know how strength changes with time during a proof test, an obvious 
start is to differentiate the equation for strength (8-7) with respect to time: 


aS _ _ Kc ,-3/2. 4a 

dt ~~ 2¥7 at’ =o 
But da/dt = AK," in Eq. (8-4) and we can find an expression for Ky; by combining Eqns. 
(8-6) and (8-7): 


KiclY K 
S _ Krc Va _ ale eee (2). (8-9) 
OC KylyVa 


Therefore da/dt = AK," = AK]," (o/S)". Also, we know from Eq. (8-7) that a73/2 = 
¥°S3/K)-3. Substituting for da/dt and a-3/2 in Eq. (8-8) produces the result 


dS | 


Wm? SAY? K_"-2)S3-09" (8-10) 


Next, we rearrange and integrate Eq. (8-10) to find strength as a function of time: 


S f t 
[sn-3 ds = C5 1 A Y2K) 2-2) a dt 
Si 
t 
(Sp? - $72) = (- 5 AY2K_2) jon dt (8-11) 


where S; is the initial strength at time ¢ = 0 and Sis the final strength at time ¢. For the 
loading and unloading cycle in Fig. 8.12, the integral on the right side of Eq. (8-11) is 
broken into two portions, one from time 0 to t7 and the second from t7 to to. In the first 
time interval, there is a constant loading rate do/dt = GO», for which we can write dt = 
dolG,. In the second time interval, we can write dt =-do/6,,. Making these 
substitutions for dt on the right side of Eq. (8-11) gives 


O; 0 
p 
1 
5 (Sp? - Sy?) = (- FAY2K 2) | ot fore : (8-12) 
Op Ou 
Op 


Integrating Eq. (8-12) gives an expression for the strength at the end of the proof test: 
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Strength at end 420. ~ eH n-2 S71. Te a 
of proof test: Sf" = Si" - \ayyg JAK ic” & : 5) opnt} (8-13) 


If the proof test involved a stress profile different from that in Fig. 8.12, we would use 
the appropriate function, o(#), in the integral at the right side of Eq. (8-11) to find how 
strength changes during the proof test. 


8.4.2 A theoretical example: proof testing of sapphire 


Figure 8.13 shows the behavior of sapphire predicted with Eq. (8-11) in a proof test 
in which stress is applied at a constant rate until reaching a peak of 200 MPa, and then 
the stress is removed at the same constant rate, as shown by the dotted lines. In parts (a) 
and (c), the loading and unloading rates are 1 MPa/s. In parts (b) and (d) the rates are 
1000 MPa/s. We suppose that stress is applied in such a manner that crack growth 
occurs only on the m-plane of the crystal, for which we know crack growth parameters 
from Fig. 8.10. For parts (a) and (b), the humidity is 3% and for parts (c) and (d) the 
humidity is 0.08%. 


Let's examine individual curves in Fig. 8.13(a), for which the humidity is 3% and the 
loading rate is slow (1 MPa/s). In curve 1, the initial strength of the test coupon is 600 
MPa and application of a 200 MPa proof stress does not degrade the coupon: The final 
strength after testing is still 600 MPa. If the coupon has an initial strength of 550 MPa 
(curve 2), the final strength is 550 MPa. However, if the initial strength is 525 MPa 
(curve 3), slow crack growth occurs enough during the proof test to degrade the strength 
slightly to 523 MPa. When the initial strength is around 507 MPa, crack growth enters 
an unstable regime in which imperceptible changes in initial strength lead to huge 
changes in strength degradation. For example, curves 4-7 behave as follows: 


Initial strength (MPa) Final strength (MPa) 
Curve 4 506.680 000 000 429 
Curve 5 506.676 385 732 310 
Curve 6 506.676 385 731 broke at 126 
Curve 7 506.676 000 000 broke at 166 


The remaining cases in Fig. 8.13(a), for which the initial strength is below 500 MPa, all 
result in mechanical failure during the proof test. Note that a peak proof stress of 200 
MPa is breaking test coupons with initial strengths up to 506 MPa because of slow crack 
growth during the proof test. 


For the calculations in Fig. 8.13(b), the only change is that the rates of loading and 
unloading have been increased from 1 MPa/s to 1000 MPa/s. This gives less time for 
slow crack growth to occur during the proof test, so significant strength degradation 
occurs only for samples whose initial strengths are somewhat lower than those that are 
degraded in Fig. 8.13(a). For example, curve 9 shows that a sample with an initial 
strength of 500 MPa is not degraded in strength, even though a sample with the same 
initial strength failed during the slower proof test in Fig. 8.13(a). The quicker the test, 
the less strength degradation occurs. The divergent behavior exhibited in curves 10 and 11 
of Fig. 8.13(b) occurs when the initial strength is 438.63 MPa. 


In Figs. 8.13(c) and (d), the humidity is reduced from 3% to 0.08%, thereby 
decreasing stress corrosion and decreasing the rate of crack growth during proof testing. 
Mechanical failure (curve 13) does not occur above initial strengths of 424.11 MPa at a 
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Fig. 8.13. Predicted variation in strength of sapphire during a proof test. Calculations 
are based on Eq. (8-11) for crack growth on the m-plane of a crystal in 3% humidity [(a) 
and (b)] and 0.08% humidity [(c) and (d)]. Crack growth parameters are A = 0.0035 and n 
= 49.9 for 3% humidity and A = 1.5 x 10-6 and n = 63.2 for 0.08% humidity. K Ic 18 


assumed to be 2 MPaVm. The peak applied proof stress is 200 MPa. For (a) and (c), 
= 0, = 1 MPa/s; for (b) and (d), &y = &,, = 1000 MPa/s. 
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Table 8.3. Minimum initial strength to survive 200 MPa proof test in Fig. 8.13 


Loading and unloading rate 
1 MPa/s 1000 MPa/s 





loading rate of 1 MPa/s and above an initial strength of 378.84 MPa (curve 15) at a 
loading rate of 1000 MPa/s. The lower the humidity in the test atmosphere, the less 
strength degradation occurs. (If we were testing material that is not subject to stress 
corrosion, the humidity would not be important.) Table 8.3 summarizes the effects of 
humidity and load rate for the sapphire proof test in Fig. 8.13. 


The best proof tests wiil use the most rapid feasible unloading rate (to minimize 
strength degradation after reaching the peak proof stress) and will control the environment 
to minimize strength degradation.29:2! Immersing the material in a dry liquid such as 
toluene or heptane? or in a dry atmosphere reduces slow crack growth and strength 
degradation in materials that exhibit moisture-assisted stress corrosion. 


8.5 Designing a proof test for the space shuttle window! / 


When the space shuttle was being designed in the 1970's, an ultra-low expansion 
glass was chosen for the windows to limit thermal stress during the hot re-entry into the 
atmosphere from space. A proof test was sought to guarantee a desired minimum lifetime 
(such as a month or a year) under the anticipated stresses that the window would see in 
service. The proof test would subject the window to a stress Op that is higher than the 
anticipated applied service stress, Og. We begin by deriving an expression for the 
minimum time to failure of a part that survives the proof test. 


8.5.1 Minimum time to failure after a proof test? > 


If a is the length of a crack, the crack growth velocity, v, is v = da/dt, where t is 
time. The relation between stress intensity, Ky, the applied stress, Og, and crack length is 


Kj =0,YVa, => K/?=0,2Y2a (8-14) 


where Y is a factor (= Vn) that depends on the crack geometry. Let's consider how the 
crack length changes under the application of a constant applied stress. Taking the 
derivative of both sides of Eq. (8-14) with respect to time, we find 


2 
On2 y2 


dK 
OKI = ogy? Me = 0,°Y*v => 





K 
(% dKy = dt. (8-15) 


The time, t, required for a crack to grow from its initial size to the critical size for failure 
is obtained by integrating Eq. (8-15) from t= 0 to t= tgand from Kj = Kj; to Kj = K if 


Ki 
2, (( 
tf = 0,272 J zs dK; . (8-16) 
i 





296 Materials for Infrared Windows and Domes 


In the crack growth diagram in Fig. 8.8, region II comes at sufficiently high crack 
velocity for most ceramics that crack propagation time is controlled mainly by the slower 
crack growth in region I. Equation (8-4), v = AK,”, related crack growth velocity to 
stress intensity in region I. The constants A and n depend on the material and the 
environment. Substituting AK,” for v in Eq. (8-16) allows us to evaluate the integral to 


obtain 


2(K 2-n_K 2-n) 
_ li If ; 
tT “(in - 2)A0g2¥2 eon 


Now we make some simplifications. First, we equate Kjf with Kj, since failure 
occurs when the stress intensity reaches Kj-. Since the exponent, 7, is typically in the 
range 9 to 50 and the initial stress intensity Kj; is substantially less than K7,, we can 
ignore the term K pee in comparison to K We” Therefore Eq. (8-17) reduces to 


9 K,2" 
a 8-18 
fn 2)A0,2Y2 ee) 
Eq. (8-18) tells us the time to failure if we know the initial stress intensity, K ;, at the 
largest flaw and if we have measured A and n in a separate crack growth experiment. 


When a proof-tested component is subjected in service to an initial stress intensity 
Kj; at an applied stress, Og, the value of Kj;/dqg is equal to the maximum value of 
KIproof/Op achieved during the proof test, which cannot have exceeded the value Kj,/op 
or the part would have broken. Substituting the inequality Kjj/Og < K{/Op into Eq. 
(8-18) gives 


2p 2- 27. 2- 
pe ee ee 6. oye (8-19) 
f~ “(n-2)Ao,2¥2 min ~ (n - 2)A0q2¥2 

where tmjn 1s the minimum time to failure when the proof-tested part is put into service 
at a constant stress Og. 


8.5.2 Crack growth parameters for space shuttle window material 


To use Eq. (8-19) to predict the minimum time to failure for the space shuttle 
window, we need to know the crack growth parameters A and n in Eq. (8-4). This was 
done in two ways.!7 In one set of experiments, crack velocity was measured as a 
function of the stress intensity factor using the double cantilever beam specimen in Fig. 
8.7. To assess worst-case crack growth, the specimen was either immersed in water or 
exposed to 100% humidity. A graph of crack velocity versus stress intensity factor was 


linear in the range 10-1! < v < 10-4 m/s and 0.32 < K 1 < 0.50 MPaV m and gave the 


best fit values A = 6 x 10° and n = 35.8 at 25°C if K Ic 1S expressed in units of MPaV im 
in Eq. (8-4). These values describe slow crack growth in region I of Fig. 8.8 for the 
space shuttle window material. When crack growth was measured at 60°C, the parameters 
were A = 1 x 10° and n = 28.7. 
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An independent check on the validity of the crack growth parameters was obtained by 
measuring fracture strength in ring-on-ring flexure tests as a function of the loading rate 
from 0.0074 to 74 MPa/s. The tensile surface of the disk was immersed in water during 
the test to attain worst case subcritical crack growth during the test. The procedure 
described in Ref. 17 based on equations in Ref. 24 was then used to estimate the crack 
growth parameters A = 3 x 10° and n = 27 at 25°C, which gave crack growth velocities in 
adequate agreement with those measured with the double cantilever beam specimen. 


Subcritical crack growth did not occur when the glass was maintained in a dry 


nitrogen atmosphere or in vacuum. The fracture toughness, Kz, = 0.70 MPaV m 
measured by indentation in vacuum, was independent of temperature from 25 to 600°C. 


8.5.3 Proof test design 


With values for A, n, Kj, and Y (= Vn), we can use Eq. (8-19) to design a proof 
test. For a required service applied stress, Og, and desired minimum time to failure, tin, 
Eq. (8-19) specifies what proof stress, Op, is needed. Fig. 8.14 shows ty,j, as a function 
of service stress, Og, for different ratios of Op/og. For a given proof stress level, the 
predicted lifetime is lower at 60° than at 25°C because cracks grow faster at the higher 
temperature. 


Log Gnin> s) 





0.0 0.5 1.0 1.5 2.0 0.5 4.0 1.5 2.0 
Log (0,, MPa) Log (0,, MPa) 


Fig. 8.14. Proof test design chart for space shuttle window showing minimum time to 
failure as a function of service stress. Predictions are based on Eq. (8-19) using the crack 
growth rates v (m/s) = (6 x 10°)K oon at 25°C and (1 x 10°)K fo at 60°C. In these 


equations, the units of K, are MPaVm. 
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Example: Selecting the space shuttle window proof stress. Suppose that the 
minimum time to failure is required to be 1 year at a service stress of 10 MPa at 25°C. 
What proof stress is required to guarantee 1 year of service life? In the graph at the left 
side of Fig. 8.14, draw a horizontal line at 1 year and a vertical line at log (10 MPa) = I. 
The intersection is between the curves for 0,/0, = 2.0 and 6)/dg = 2.5, from which we 
estimate 0,/Og = 2.4. That is, the proof stress should be 2.4 times the service stress: Op 
= 2.40, = (2.4)(10 MPa) = 24 MPa. A proof stress of 24 MPa should guarantee a 
minimum time to failure of 1 year at a service stress of 10 MPa at 25°C. 


If the operating temperature were 60°C instead of 25°C, the graph at the right in Fig. 
8.14 predicts that 0,/og = 2.8, so a proof stress of 28 MPa would be required. 





The period when subcritical cracks can grow in the space shuttle window is during 
launch and initial orbit, when moisture from the atmosphere is still present at crack tips. 
After sufficient exposure to the vacuum of space, the moisture evaporates and slow crack 
growth ceases. Upon re-entry into the atmosphere, the windows get hot, but crack 
growth should be negligible because there is no moisture at the crack tips. 


Extensions of the ideas presented in this section have been used to design reliable 
double-pane glass aircraft windows.2>:26 The goal is to ensure that one pane of the 
window can survive for a required time under a certain stress if the other pane breaks. 
Required crack growth parameters were obtained by creating a known surface flaw witha 
Vickers indentor and measuring the strength at different stress rates (from 0.01 to 100 
MPa/s). Glass that had been subjected to dust and sand erosion was characterized as part 
of the study to see how erosion would reduce the lifetime of the window. The resulting 
lifetime predictions for the full scale window are shown in Fig. 8.15. 


Gw 
© 










Wi 


N 
01 





— 
After dust erosion SS 


With 100 um scratch” 
| ry 
0 


103 104 105 ~ 406 107 
TIME TO FAILURE (s) 


N 
Oo 


—_ 
© 


OT 


TENSILE STRESS IN WINDOW (MPa) 
a 


Fig. 8.15. Predicted time to failure for BK-7 glass aircraft window.*© 
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8.6. Fatigue 


When a ceramic is subjected to stress over a period of time under conditions in which 
stress corrosion can occur, subcritical cracks grow and the material becomes weaker. Fig. 
8.16 shows an example of 3-point flexure specimens made of 99% dense alumina left 
under a static stress until they failed.2”7 When tested rapidly in an inert atmosphere, the 
flexure strength of the material was 505 + 40 MPa. The graph shows that when the same 
bars were left in the air (at unstated humidity and temperature) at a constant stress of 250 
MPa, they broke in ~104s. The greater the static stress, the shorter the time to failure. 

A theoretical equation for the time to failure under the stress, o, is?8 





auenaumiaee a (8-20) 
auure = lf sin a2 (K,, | 


where n and A are the crack growth parameters in Eq. (8-4), Y is a geometric factor 


(= Vn), Sj, 1s the initial strength of the material measured by rapid application of stress 
in an inert atmosphere, and Kj], is the fracture toughness of the material. The exponent, 
n, is typically in the range 9 to 50. A graph of log t¢ versus log o should have a slope of 
-n. If you measure the mean failure time, tf], of a series of identical samples under the 
stress 07, then the mean failure time under the stress 02 is expected to be 


tro Ey . (8-21) 
if1  \ 02 


Example: Dependence of fatigue life on stress. If the exponent in Eq. (8-21) is n = 
30, by what factor does the time to failure decrease when the stress is increased by 10%? 


f2 ay .()" = 0.057 
oa “ALL ae 


The lifetime decreases to 5.7% of its initial value when the stress is increased by 10%. 
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Fig. 8.17. Residual strength of alumina 3-point flexure specimens after being left 
under a static stress of 350 MPa for various times (left) or under different static stresses 
for a constant time of 35 000 s (right).29 The 3-point flexure strength was measured in a 
rapid test under an inert atmosphere at the end of the fatigue period. 


Fig. 8.17 shows how the residual strength of the alumina 3-point flexure bars from 
the previous figure changes in two different static fatigue tests.2? In one case, the bars 
were left under a static flexure stress of 350 MPa for different periods of time and then 
their residual strength was measured by rapidly breaking each bar. The graph at the left 
shows that the residual strength is essentially constant before the bar breaks. In the 
second case, the bars were left for 35 000 s under a fixed flexure stress. As the fixed 
stress was varied from 250 to 350 MPa, the residual strength measured at the end of the 
experiment was essentially constant. When the bar was left at 360 MPa, it broke. The 
theoretical expression for the residual strength, S;, after time, t, at the fatigue stress, 0, is 


Sy-2 = 8;n-2 . Lomt (n- NAYK, 2 (8-22) 


where the symbols have the same meaning as in Eq. (8-20). For a large value of 7, this 
expression changes very little until the failure time is closely approached. Because of the 
exponential rate of subcritical crack growth, materials subject to static fatigue retain their 
strength for a long time prior to a rapid demise. 
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Chapter 9 
OPTICAL-QUALITY CVD DIAMOND 


A combination of extraordinary thermal, mechanical and optical properties places 
natural diamond in a class by itself among materials.!-3 Diamond is the only material 
that offers long wave infrared (8-14 um) transmission along with great strength and 
resistance to thermal shock and erosion. Diamond is also an excellent window for 
microwave, visible and ultraviolet radiation. Diamond absorbs midwave infrared 
radiation, so its utility for midwave windows is limited to a role as a thin, protective 
film. The extraordinary properties of diamond have been known for decades, but only the 
smallest of optical windows could be made because large crystals of natural diamond are 
extremely rare. The key technological advance that now makes diamond windows 
possible is the growth of chemical-vapor-deposited (CVD) diamond over large areas.4-7 
CVD diamond has most of the properties of natural diamond, but its mechanical strength 
remains modest. 


Figure 9.1 shows two ways in which diamond will find use as an optical material.® 
As we discussed in Section 7.8.6, diamond can serve as a thin, durable, transparent 
coating for more fragile infrared window materials. Alternatively, thick pieces may serve 
as free-standing windows or domes. This chapter describes the properties of diamond and 
some of the technology that allows us to capitalize on diamond's extraordinary 
capabilities. 





a 


Fig. 9.1. Left: Diamond coating (7 wm thick) attached to 38-mm-diameter zinc 
selenide window by optical brazing (Fig. 7.66) at Westinghouse. Right: Transparent, 
polished diamond window from Raytheon is 0.75 mm thick. 
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Fig. 9.2. Model 
of diamond crystal 
lattice. Every atom 
inside the crystal 
has the same 
tetrahedral arrange- 
ment of four nearest 
neighbors as the 
one shown. Atoms 
on the surface of the 
crystal, which lack 
one or two bonds to 
other carbon atoms, 
may be capped by 
hydrogen atoms. 
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Carbon atom 
with four 
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the corners of 
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9.1 What is diamond and how is it made? 


Diamond and graphite are the two most common crystalline forms of carbon. 
Diamond owes its extraordinary properties to a tightly packed, three-dimensional array of 
atoms in the crystal (Fig. 9.2).* Each atom is strongly bonded to its four nearest 
neighbors at the corners of a regular tetrahedron. Diamond contains the greatest number 
density of atoms (1.76 x 1023 atoms/cm3) of any material. The tight packing of 
strongly bonded atoms makes diamond very strong and very stiff. Single-crystal natural 
diamond is approximately 4 times stronger than silicon carbide and sapphire (Table 3.3), 
and 2-3 times as stiff (2-3 times higher Young's modulus). 


Natural diamond is classified into four types. Type la, which accounts for 98% of 
natural diamond, contains up to 0.1% nitrogen in small aggregates or platelets that 
strongly absorb ultraviolet light below 320 nm. The thermal conductivity of this 
diamond is less than 900 W/mK at 25°C and its electrical resistivity is >10!4 Q-m. 
Almost all industrial synthetic diamond is Type Ib, which contains up to 0.2% nitrogen 
in the crystal lattice. Low concentrations of nitrogen give diamond a yellow color, while 
higher concentrations lead to shades of green. Colorless Type Ia diamond, which is 
almost free of nitrogen, has the best optical and thermal properties. It transmits light 


“In contrast, graphite consists of layers of carbon atoms that are tightly bonded within 
each layer, but loosely bonded between layers. As a result, the layers can easily slide past 
each other, making graphite a good lubricant. 
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above 225 nm and has a thermal conductivity near 2000 W/(m:K) at 25°C. Type IIb 
diamond is also free of nitrogen, but contains small quantities of boron (typically < 1 
ppm) that impart a blue color and p-type conductivity (resistivity = 0.1-10 Q-m) to the 
crystal. Only Type Ia is suitable as an infrared window. Nitrogen gives rise to infrared 
absorption bands in the 7.5-25 um region, while boron impurities yield sharp absorptions 
at 3.58 and 4.07 am, and weak absorption in the long wave window.!.9 
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Fig. 9.3. Phase diagram of 
carbon, showing regions of 
stability of diamond and 
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The phase diagram of carbon in Fig. 9.3 shows that graphite is stable at relatively 
low pressure, while diamond is stable at high pressure. Although graphite is the 
thermodynamically stable form of carbon at atmospheric pressure, a temperature above 
1500°C is required before the rate of conversion of diamond to graphite is 
significant.19,11 At 2100°C, the rate of this graphitization process is such that a 0.1 
carat (1 carat = 0.2 g) octahedral crystal of diamond is converted to graphite in less than 3 
min. 


High-temperature, high-pressure processes are employed for industrial synthesis of 
diamond.!.2 Figure 9.3 shows a region of temperature and pressure in which a mixture 
of graphite with molten metals such as nickel, cobalt or iron produces diamond. 
Diamond is the thermodynamically stable form of carbon under these conditions. Carbon 
atoms dissolved in the metal under these conditions have sufficient mobility to 
recrystallize into the diamond structure. Industrial diamond synthesis generally produces 
micrometer-size powders, but carefully controlled conditions can yield single-crystal, gem- 
quality diamond up to 5 carats in mass. 


Another form of synthetic diamond, called polycrystalline diamond, is widely used in 
cutting tools.! Polycrystalline diamond is made by sintering diamond powder in the 
presence of cobalt at pressures of 50-100 kbar and temperatures of 1200-1600 K. The 
diamond crystallites grow together to form a compact mass with a grain size of 2-25 pm 
in which the interstices are filled with residual cobalt. Cutting tools with a thick 
(0.7-mm) layer of polycrystalline diamond on a base of tungsten carbide are sold under 
such trade names as Compax® (General Electric) and Syndite® (De Beers). 
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9.1.1 Chemical vapor deposition of diamond 


A revolution in diamond technology occurred in the 1980s, when continuous 
polycrystalline diamond films were grown over several square centimeters by low pressure 
chemical vapor deposition.4-7 This process operates at lower temperature than high- 
temperature, high-pressure diamond synthesis (Fig. 9.3) and, more importantly, at 
pressures below 1 atm. Typical conditions might be 950°C and 0.2 bar — easily attained 
with conventional equipment. Note in Fig. 9.3 that chemical vapor deposition of 
diamond takes place in the region of the phase diagram in which graphite, not diamond, is 
the stable form of carbon. Hydrogen atoms in the reactor are essential for the growth of 
diamond and also stabilize diamond relative to graphite. !2-14 
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Figure 9.4 shows a microwave plasma reactor in which diamond is grown on a 
silicon substrate. A mixture that is typically 99 volume percent hydrogen and 1 percent 
methane, possibly with additives such as argon, oxygen!> or parts per million of 
nitrogen,!® is passed through a quartz tube inside a waveguide. Microwave radiation 
partially dissociates the gas into a plasma containing hydrogen atoms, methyl radicals 
(CH3), high energy electrons!? and other reactive species such as hydroxy] radicals (OH). 
Diamond crystallites nucleate on the substrate and grow into a continuous polycrystalline 
film. The diamond growth surface in Fig. 9.5 is rough, but the underside facing the 
substrate is as smooth as the original silicon surface. Diamond with a thickness greater 
than 1 mm can be grown over areas greater than 100 cm? with growth rates of 0.1-10 
um/h by this technique. The maximum growth rate reported for good optical-quality 
diamond is ~3 Um/h. 
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Fig. 9.5. Micro- 
structure of growth 
surface of diamond 
from a microwave 
plasma. 


10 um 





The principal requirements for diamond deposition are dissociation of the mixture of 
hydrogen and methane into atoms and radicals at elevated temperature, and crystal growth 
at lower temperature. A variety of techniques can be used to activate the gas phase. 
Instead of microwaves, the apparatus in Fig. 9.6 uses an arc discharge (a spark) between 
two electrodes to partially dissociate Hz gas.!8 The dc torch produces diamond at rates of 


several hundred jm/h over small areas, or at lower rates over larger areas.!929 Diamond 
may be grown on such substrates as silicon, molybdenum, copper, tungsten, nickel and 
stainless steel. In the dc torch, the substrate must be cooled to approximately 900°C so 
that the temperature is not too high for diamond growth. Figure 9.7 shows an industrial 
scale dc torch diamond reactor. 
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Two other common means of activating the gas phase for diamond deposition are a 
hot filament and an acetylene torch. In a hot filament reactor, the gas is heated to 
approximately 2200°C by a tungsten (light bulb) filament held 5-10 mm from the 
substrate, whose temperature may be 700-1000°C. At a pressure of 25 mbar, 
approximately half of the hydrogen molecules in the 1% methane/99% hydrogen mixture 
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Fig. 9.7. Industrial 
scale dc arc jet diamond 
deposition reactor that 
uses a magnetic field to 
help shape the plasma. 
Jet is seen impinging on 
the substrate at the center 
of the photo. (Courtesy 
Norton Co.) 





are dissociated into hydrogen atoms.2! An advantage of this type of reactor is that it is 
readily scaled up to large sizes and irregular shapes. A disadvantage is the relatively slow 
growth rate of 0.1-1 um/h. Also, the hot filament method does not grow the highest 
optical-quality material. An acetylene welder's torch with a 1:1 mole ratio of acetylene 
and oxygen has also been used to grow diamond. The use of acetylene instead of methane 
illustrates that almost any organic compound22,23 may be a source of carbon for diamond 
growth. Methane is not a necessary ingredient, although methyl] radicals formed in the 
gas phase are thought to be the immediate precursor to diamond growth.24-27 


Molybdenum and silicon are the most common substrates for diamond growth. 
Conditions are also known for deposition on transition metals such as Cu, Cr, Mn, Fe, 
Co and Ni.28 Thin diamond coatings have been grown directly on fused silica and 
sapphire by metal-induced nucleation of diamond.2? This process uses a source of Cr, Ti 
or Ni near the growth surface to promote nucleation and adherence of diamond and gives a 
growth rate of 0.4 Um/h at 650°C. Thick layers cannot be produced because thermal 
expansion mismatch causes delamination upon cooldown. Diamond films up to 1.5 um 
in thickness can be grown on glass.29 If a sputtered interlayer such as silica, hafnia, 
silicon carbide or aluminum nitride is deposited on a ceramic, diamond can be grown 
directly on the interlayer.29:3! The interlayer improves adhesion by binding well to both 
the diamond and the substrate. The interlayer also encapsulates the substrate to protect it 
from attack by the plasma and creates a diffusion barrier between diamond and the 
substrate. Figure 7.70 showed a patterned surface etched into zinc sulfide to promote 
adhesion of a thin diamond layer to an interlayer deposited on the ZnS. 
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Fig. 9.8. Preferential appearance of (100) square diamond crystal faces in the absence of 
oxygen (left) and (111) triangular faces (right) in the presence of oxygen in a microwave 
reactor. [Photos courtesy C. E. Johnson, Naval Air Warfare Center. ] 


Preferential orientation of CVD diamond crystallites can be controlled by deposition 
conditions. For example, Fig. 9.8 shows that square crystal faces are selectively 
deposited in a microwave plasma under particular conditions in the absence of oxygen. 
When oxygen is added to the feed gas, triangular faces are preferentially deposited. 


Because of the much lower thermal expansion coefficient of diamond compared to 
most substrates, catastrophes are known to occur during cooldown after a CVD growth 
run, If the diamond adheres tightly to the substrate, the diamond and/or the substrate are 
likely to fracture. If there is no fracture, serious bowing can occur. Proprietary release 
layers are applied to the substrate prior to growth of diamond to aid the separation of the 
diamond from the substrate. One patented release layer is a coating of niobium metal on 
a molybdenum substrate.>2 As the molybdenum-niobium-diamond sandwich cools down 
in a hydrogen atmosphere, niobium absorbs hydrogen (from the side of the sandwich) to 
form a weak, embrittled niobium hydride which releases the diamond without fracture. 
On the subject of patents, it is of interest to note that General Electric Co. has two 
patents which claim the rights to all transparent CVD diamond more than 50 jum thick.33 


9.1.2 The two surfaces of CVD diamond 


The first diamond grains that nucleate on a substrate are submicron in size. The 
grains tend to grow in conical shapes (Fig. 9.9) as the thickness of the deposit 
increases.24 Therefore, exposed grains on the growth surface tend to become larger and 
larger and the deposit becomes rougher as the diamond becomes thicker (Fig. 9.10). 
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Fig. 9.9. Cross section 
of diamond film showing 
columnar growth.34 


as 
10 um 


Substrate 
surface 








Fig. 9.10. Scanning 
electron micrographs 
showing grains on the 
growth surface of hot- 
filament CVD diamond 
films of increasing 
thickness.24 Both 
grain size and surface 
roughness increase with 
thickness. 


maa 
25 um 





Optical Diamond | 311 





Substrate surface Growth surface 
200 um 


Fig. 9.11. Nomarski micrographs showing substrate and growth surfaces of 1-mm- 
thick polished, optical-quality diamond. 


Polished, optical diamond windows normally have two easily distinguished surfaces. 
The substrate surface (also called the nucleation surface) has tiny grains and the growth 
surface has large grains, as seen in Fig. 9.11. In Section 3.8.1 we saw that mechanical 


strength tends to scale as IN grain size. The large-grain growth surface has much larger 
flaws than the small-grain substrate surface. The growth surface typically has half the 
tensile strength of the substrate surface. 

9.2. Mechanical and thermal properties of diamond 


The comparison of properties of diamond with those of zinc sulfide and sapphire in 
Table 9.1 indicates why diamond is so promising as an infrared window or dome material. 


Table 9.1. Comparison of properties of diamond, zinc sulfide and sapphire near 300 K 


Property CVD diamond Zinc sulfide Sapphire 
Long wave infrared cutoff ({um) none 11 5 
Hardness (kg/mm) 9000 230 1600 
Strength (MPa) 200 100 300-1000 
Young's modulus (GPa) 1143 74 344 
Poisson's ratio 0.07 0.29 0.27 
Expansion coefficient (ppm/K) 0.8 7.0 5:3 
Thermal conductivity [W/(m:K)] 2000 19 36 
Thermal shock figure of merit, R’ 

[kW/m, Eq. (4-7)] 410 2.6 4.3 
Microwave dielectric constant 5.7 8.35 9.39 (El c) 

. 11.58 (E|lc) 

Microwave loss tangent ~<0.0004 0.0024 0.00005 (EL c) 


0.00006 (E Jj c) 
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Zinc sulfide is the most durable of the currently used long wave (8-14 um) infrared 
materials and sapphire is the most durable midwave (3-5 jim) material. Diamond is much 
harder, much stiffer, has lower thermal expansion, has extraordinarily higher thermal 
conductivity and thermal shock resistance, and has better microwave dielectric properties 
(for radar transmission) than sapphire or zinc sulfide. 


9.2.1 Hardness, toughness and elastic properties 


As the hardest known material (Table 3.7), diamond is especially resistant to abrasion 
by solid particles. In a study of sand erosion at an impact speed of 26 m/s, the rate of 
loss of mass by natural, single-crystal diamond was 2 x 104 times lower than the mass 
loss rate of silicon nitride (at an impact speed of 47 m/s) and 3 x 10° times lower than 
the mass loss rate of alumina (at an impact speed of 34 m/s).32> The hardness of 
chemical-vapor-deposited diamond is equal to that of natural diamond.3© Table 9.2 gives 
the hardness of natural diamond measured on different crystal planes?’ and Fig. 9.12 
shows the temperature dependence of the hardness of CVD diamond.3® There is a 
significant drop in hardness around 700°C. The great hardness of diamond makes it 
especially valuable for coating ceramic cutting tools.39 


Table 9.2. Vickers hardness of natural diamond on different crystal planes?’ 


Crystal plane (001) (001) (110) (110) (111) (111) 
Direction <100> <110> <001> <110> <110> <112> 
Type Ia: | 
kg/mm? 10000 8500 11000 9000 5700 6400 
GPa 98 83 108 88 56 63 
Type Ia 
kg/mm 10500 9300 11700 9600 7800 11200 
GPa 103 91 115 94 76 110 


1 kg load = 9.8 N at 20°C 


Fig. 9.12. (Temperature 
dependence of Vickers hardness 
of 400-~m-thick CVD diamond 
with grain sizes in the range 2- 
20 um.38 Crystallites have a 
preferential {100} form with 
(111) perpendicular to the plane 
of the film. Measurements 
were made under Ar to avoid 
oxidation. In another study of 
CVD diamond, the hardness at 
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Surveying various measurements of the fracture toughness (Kj,) of small crystals of 


natural diamond, Field estimated that K), for natural diamond is ~5 MPaV m.4! Finding 
the toughness of CVD diamond by indenting it with diamond is problematic, because the 
test material is as hard as the indentor. A more meaningful method for diamond is the 
double-torsion method, in which a starter flaw is machined into a rectangular specimen for 
4-point bending.42 The fracture toughness is derived from the applied load at the onset of 
fracture. Four specimens with thicknesses from 0.43 to 0.88 mm had fracture toughness 


values of 5.7, 6.0, 6.9 and 8.7 MPaV m.43 In another study, Vickers indentation of 
CVD diamond gave an average fracture toughness of 5.3 + 1.3 MPaVm.40 Indentation 


of low-optical-quality (nearly black) CVD diamond gave Kj, = 8+2 MPaV m.44 
Identification of the critical flaw size in flexure disks of the same diamond gave Kj, = 8 + 


1 MPaVim. 


Elastic constants of single-crystal diamond are listed in Table E.1 in Appendix E. 
From these constants, Klein and Cardinale calculated that Young's modulus for CVD 
diamond with randomly oriented crystals is E = 1143 MPa and Poisson's ratio is v= 
0.069.45 Young's modulus and Poisson's ratio are anisotropic, so CVD diamond with 
preferential crystallite orientations will have values different from that of randomly 
oriented material. Bulge tests of CVD diamond are consistent with the values of E and v 
derived from single-crystal diamond.4> The bulk modulus calculated for randomly 
oriented CVD diamond is 442 MPa and the shear modulus is 553 MPa.4® The pressure 
and temperature dependence of the elastic constants of diamond have been measured.47 


9.2.2 Mechanical strength 


Field48 states that the mechanical strength of natural diamond is highly variable, but 
an approximate value is 3 GPa. Single crystals normally cleave on (111) planes whose 


Table 9.3. Flexure strength of CVD diamond 





Specimen description Strength (MPa) 
Disk burst test: 

6.4 mm diameter x 0.25 mm thick°9 230-410 (4 disks) 

10-20 mm diameter x 0.18-0.30 mm thick?! 740-1140 (64 disks) 

20-25 mm diameter x 0.5 mm thick>2 280 + 50 (14 disks) (coarse-grain side) 

25 mm diameter x 1.07 mm thick>2 220, 240 (coarse-grain side) 
Ring-on-ring disk flexure?3.>4 

20 mm diam. x 0.6-1.2 mm thick, disks from 3 lots 180-270 (25 disks) 
Ring-on-ring disk flexure at 1000°C°3.94 

20 mm diameter x 0.5-0.9 mm thick 410 + 150 (3 disks) 


4-point flexure bars (25 mm x 5 mm x 0.13 mm thick)>> 570 + 120 (115 bars)* 
3-point flexure bars (28 mm x 2 mm x 1 mm thick)°® 


‘Thermal conductivity grade (1320 W/[m’K])) 280-370 (coarse-grain side) 
| 650-780 (fine-grain side) 
Thermal conductivity grade (1000-1200 W/[m:K]) 440, 510 (coarse-grain side) 


950, 980 (fine-grain side) 


a 
“Weibull modulus = 5.1 according to Harris analysis of data in the paper. 
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cleavage energy is 5.5 + 0.15 J/m? (Section 3.3.1). The compressive strength of 
diamond grit is ~10 GPa. The 3-point flexure strength of 5 specimens of Type IIa natural 
diamond (2 x 20 x 0.2 mm) was in the range 2.0 - 3.0 GPa.49 For comparison, the 
3-point flexure strength of 15 specimens of synthetic single-crystal diamond with a 
thickness of 0.35 mm was in the range 0.9 - 2.4 GPa with a mean value near 1.5 GPa. 


CVD diamond in Table 9.3 is weaker than single-crystal diamond because the CVD 
material is laced with internal flaws. Material from De Beers”! might be stronger than 
other CVD diamond, perhaps because De Beers has found a way to minimize the conical 
spreading of grains as they grow. Table 9.3 shows that the fine-grain side of CVD 
diamond is twice as strong as the coarse-grain side and the strength of diamond at 1000°C 
in an inert atmosphere is at least as great as the strength at 20°C. 


Figure 9.13 shows the strength of optical-quality diamond from De Beers measured in 
3-point bending tests. The substrate (nucleation) side of the diamond is about twice as 
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Fig. 9.13. Strength of as-grown (unpolished) De Beers optical-quality diamond 
measured in 3-point bending test with 18 x 2 mm bars.-’ Each point is an average of 
5-10 measurements and error bars represent the standard deviation. 
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Fig. 9.14. Strength 
of De Beer's diamond 
(18 x 2 mm 3-point 
bend bars) as a function 
of grain size.’ Data 
come from both the 
growth and substrate 
surfaces. The substrate 
surface has been 
polished. 
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strong as the growth side. For both surfaces, strength decreases with increasing thickness 
of the diamond. The explanation is that the flaw size tends to increase with the thickness 
of the diamond. Figure 9.14 shows the direct correlation of strength with grain size. The 
data follow the Petch equation (3-36) with the intercept 6, = 200 MPa. There is a 
relatively small spread of strengths in DeBeers diamond in the 3-point bending test. The 
Weibull modulus for the data in Fig. 9.13 is 23 on the growth surface and 11 on the 
substrate surface. 


Figure 9.15 shows ring-on-ring disk flexure data (Section 3.2.2) from Raytheon that 
are in qualitative disagreement with the De Beers data in Fig. 9.13. In agreement with De 
Beers, the strength of the substrate surface decreases with increasing thickness of the 
diamond. However, in disagreement with De Beers, the strength of the growth surface 
appears to be independent of thickness. A pair of data points designated MP3-58 show 
the effect of polishing the growth surface. The strength prior to polishing was 132 + 20 
MPa and it increased to 213 + 10 MPa after polishing. It is hard to rationalize the 
independence of strength from thickness on the growth surface. 


Substrate surface in tension (Raytheon) 
1000 e Growth surface in tension (Raytheon) 
M@ Substrate surface in tension (Field) 
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Fig. 9.15. Ring-on-ring disk flexure strength of as-grown (unpolished) optical-quality 
CVD diamond from seven diamond depositions at Raytheon.-8 Two additional data 
points are from Field.>2 Disks with a diameter of 17 mm were tested with a load 
diameter of 7 mm and support diameter of 14 mm. Each point is an average of 3-9 
specimens, with error bars showing the standard deviation. For most of the growth 
surface specimens, the standard deviation lies within the diameter of the black circles. 


Raytheon diamond in Fig. 9.15 appears to be less than half as strong as De Beers 
diamond in Fig. 9.13. This might be largely a result of area scaling: The area under 
stress in the 3-point bend test of De Beers is much smaller than the area under stress in 
the ring-on-ring test at Raytheon. Figure 3.20 showed that the apparent strength of 
alumina doubled in going from a ring-on-ring test to a ball-on-ring test. 
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Fig. 9.16. Cracks extending into a single grain on the polished growth surface of 
CVD diamond. 


Whereas small crystals of natural diamond can be nearly perfect, CVD diamond is 
laced with obvious defects when viewed under a microscope. Figures 9.16 to 9.18 show 
some of these defects, any of which might limit the strength of CVD diamond. 


Fig. 9.17. Large void 
observed in laser-cut CVD 
diamond.°8 [Raytheon 
photo courtesy C. B. 
Willingham.] 


Void 
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Fig. 9.18. Spontaneous fracture 
of a single grain of diamond. Tiny 
spherical nodules of carbon were 
first grown by a microwave 
plasma torch on a molybdenum 
surface with a CH4/H2/Ar 
mixture. Then OQ was added to 
the gas to initiate growth of single 
(100) diamond grains from the 
(> carbon nodules at 1000°C. When 
sezieitic-) the diamond cooled down, isolated, 
line fractured crystals were observed. 
[Photo courtesy A. Harker, 
Rockwell Science Center. ] 
ae 


100 pm 





The spontaneous fracture of a single grain in Fig. 9.18 most likely arises from 
intrinsic stress in the CVD diamond. Numerous studies found large, intrinsic stresses in 
diamond that vary systematically with growth conditions such as methane concentration 
and substrate temperature.>? In addition to significant average stresses in CVD diamond, 
local stresses within grains can vary between compressive and tensile with magnitudes on 
the order of 1 GPa.©0-62 





Example: Critical flaw size in diamond. The fracture toughness of diamond is 


approximately Kj, = 6.0 MPaV m for both single-crystal and CVD diamond. What is the 
size of the critical flaw in each material if the strength of single-crystal diamond is 2.5 
GPa and the strength of CVD diamond is 300 GPa? To estimate the critical flaw size, we 
use Eq. (3-35): 





——— = Tras 
1.24Vr 1.245 


where r is the radius of the critical flaw. Inserting Ky, = 6.0 MPaVm. and S$ = 2500 MPa 
for single-crystal diamond gives r = 3.7 tm or a flaw diameter of 2r = 7 um. For CVD 
diamond with a strength of 300 GPa, the flaw diameter is 27 = 520 um = 0.52 mm. 


2 
K K 
Strength = $= Ic Ic ) 





9.2.3 Thermal expansion 


The low thermal expansion of diamond in Table 9.493 makes it difficult to retain a 
diamond coating on most substrates, because the substrate material expands at a greater 
rate than diamond, leading to delamination or fracture from significant temperature 
excursions. The data in Table 9.4 are for natural diamond. However, the thermal 
expansion of Raytheon>* and Diamonex®4 CVD diamond are similar to that of natural 
diamond in the range 123-523 K and 50-1100 K, respectively. A polynomial fit to the 
data for natural diamond in Table 9.4 over the range 100-1600 K is: 
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Table 9.4. Comparison of thermal expansion coefficients (10-6 K-1)63 


Temp. (K) Diamond ZnS __ZnSe__ GaAs GaP Ge 31 SiC 


100 0.0 2.2 -0.4 0.3 
200 0.4 5.1 6.0 5.0 1.4 1.2 
300 1.0 6.8 1 5.7 4.6 5.9 2.6 2.8 
400 1.8 7.4 7.9 5.0 6.4 3.2 3.9 
500 2.7 3.3 6.8 35 4.3 
600 3.2 3.5 7.2 3.8 4.6 
800 3.8 6.0 7.9 4.0 5.0 
1000 4.4 7.3 8.5 4.2 ao 
1200 4.9 4.3 3: 
1400 5.4 4.4 5.6 
1600 5.9 5.65 


Expansion coefficient = a@(ppm/K) = = 
= -].144 + 9,535 x 10°3 T- 5.149 x 10°© T2 + 1.204 x 10-9 T3 (9-1) 


where L is the length of the specimen and T is temperature (K). 
9.2.4 Thermal conductivity and heat capacity 


Diamond has the greatest thermal conductivity of any material near 300 K — 5 times 
higher than copper and 2-3 orders of magnitude greater than that of other infrared window 
materials in Table 4.1. Figure 9.19 compares the thermal conductivity of Type Ila 
natural diamond®-68 to that of copper. Two data points in Fig. 9.19 for high quality 
CVD diamond®? lie on the curve for Type Ila diamond. Table 9.5 lists some numerical 
values of thermal conductivity. For the temperature range 500-1200 K, the thermal 
conductivity of Type Ila diamond® can be fit by the equation 


W 2.833 x 106 
k (=) = T 1.245 (9-2) 


in which there is some uncertainty in the second digit of k. 


Table 9.5. Thermal conductivity of diamond (W/[m°K]) 


a a ee 
Temperature (K) Best Type Ila70 Type a7! Type Ia/0 Excellent CVD®©? 


100 12500 --- 1200-5200 - 
200 3500 —~ 1000-3000 — 
300 2500 2000-2200 500-1800 2000 
450 1300 1250 400-1200 “— 
480 --- --- — 1200 
700 900 

900 600 

1200 450 


ba 
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Fig. 9.19. Comparison of 
thermal conductivity of Type 
Ila single-crystal diamond®5-68 
and copper. Two diamond 
symbols show the conductivity 
of high quality CVD diamond. 


Diamond 
Type lla 


av 
e090 
oe 





THERMAL CONDUCTIVITY (W/mrK) 


1 10 100 1000 
TEMPERATURE (K) 


We saw in Fig. 9.9 that CVD diamond has a columnar microstructure. Furthermore, 
the grains are very fine near the substrate surface and coarse at the growth surface (Fig. 
9.11). This anisotropic microstructure leads to significant anisotropy in thermal 
conductivity.’2-75 Conduction within single grains of CVD diamond is similar to 
conduction in single-crystal natural diamond. Therefore the thermal conductivity of CVD 
diamond normal to the surface (parallel to the columnar grains) is very high. By contrast, 
there is significant thermal resistance at the grain boundaries, so conductivity parallel to 
the surface is relatively low. Furthermore, conductivity on the coarse-grain growth 
surface is higher than conductivity on the fine-grain substrate surface because there are 
fewer grain boundaries per unit length on the growth surface. The net result is shown in 
Fig. 9.20, in which the conductivity increases from a low value on the substrate surface 
nearly to the single-crystal value on the growth surface. 
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Fig. 9.20. Anisotropic thermal 
conductivity of high quality CVD 
diamond near 300 K.72 
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Fig. 9.21. Dependence of 
thermal conductivity of diamond 
on grain size, as calculated by 
Geet the method of Morelli et al.’® 
(Calculations courtesy C. 
Robinson, Raytheon Co.) 
Curves show qualitative trends, 
but are not necessarily quan- 
titatively accurate. 
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Figure 9.21 shows the predicted’© effect of grain size on thermal conductivity of 
diamond. Since heat is carried through the electrically insulating solid by atomic 
vibrations (phonons), scattering of the phonons at the boundaries of small grains 
decreases the thermal conductivity.’6-78 While grain size is a significant factor at low 
temperatures (100 K), there is little dependence on grain size at elevated temperature (500 
K), where thermal conductivity is limited by phonon-phonon interactions (called 
Umklapp processes’) instead of grain boundary scattering. 


Foreign atoms in a crystal lattice, such as !3C in a 12C lattice also give rise to 
phonon scattering. When the 13C in single-crystal diamond was reduced from its natural 
abundance of 1.1% down to 0.07%, the thermal conductivity increased from 22.3 
W/(m:K) to 33.2 W/(m:K) near room temperature and this relative difference persists 
from 200 to 500 K.89-82 If the 13C content is increased from its natural abundance, the 
conductivity goes down.83,84 The thermal conductivity of diamond is sensitive to the 
quality of the crystal growth, the microstructure, and the presence of defects such as 
nitrogen atoms in the lattice. 85-88 


Compared to other materials near 300 K, diamond has an unusually low heat capacity 
(Table 9.6). The heat capacity of CVD diamond with a range of quality from transparent 
to dark is equal to that of natural diamond.?! The density of CVD diamond is within 1% 
of the density (3.5146-3.5155 g/mL) measured on a range of natural diamonds.?! 


Table 9.6. Heat capacity of natural diamond (Cp, J/{mol-K])89.90 


Temperature (K) Heat capacity Temperature Heat capacity 
200 2.37 700 18.04 
300 6.19 800 19.50 
400 ~10.23 900 20.64 
500 13.56 1000 21.60 





600 16.12 1100 22.51 
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9.2.5 Commercial grades of CVD diamond 


De Beers manufactures optical, thermal, and mechanical grades of diamond.?2 Most 
of the properties described so far apply to optical grade material, which grows slowest and 
has the best optical transmission and highest thermal conductivity. The grain size on the 
growth surface of optical quality material with thicknesses of 1-2 mm is 100-250 tm. 
Thermal grade material is a compromise between high thermal conductivity and faster 
growth rate. Its conductivity is in the range ~1200-1800 W/(m:K) at 300 K, compared to 
a conductivity of 22000 W/(Gn:K) for optical grade material. At elevated temperature, the 
conductivity of optical and thermal grades are nearly equal. At cryogenic temperatures, 
the optical quality material has much greater conductivity than the thermal grade. 


Mechanical grade material, which is nearly opaque, has a finer grain size, higher 
strength, and lower thermal conductivity than other grades. The grain size on the growth 
surface of 1-mm-thick material is ~50 tum. The strength of the growth surface is 50% 
greater than that of optical material. The strengths of the fine grain, substrate surface of 
all three materials are equal, because the grain size is very fine in all cases. 


9.3. Optical properties of diamond 


The highest quality CVD diamond has optical properties similar to those of Type Ia 
single-crystal diamond. Figure 9.22 shows that both natural diamond and CVD diamond 
transmit from the ultraviolet through the visible and infrared regions, with the exception 
of weak absorptions in the midwave infrared. Fig. 1.43 showed an expansion of the 
absorption bands with 1-phonon, 2-phonon and 3-phonon regions labeled. The perfect 
tetrahedral symmetry of the carbon atoms in diamond (Fig. 9.2) forbids the absorption of 
infrared radiation by the 1-phonon vibrations centered around 1000 cm-!. If it were not 
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Fig. 9.22. Comparison of transmission of Type Ila natural diamond and Raytheon 
optical-quality CVD diamond.°8 
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for this symmetry, diamond would absorb strongly in the long wave infrared window. 
The 2- and 3-phonon absorptions in the midwave region are weakly allowed. The flat 
transmission level of ~70% arises from reflection, not absorption. 


9.3.1 Absorption and scatter 


Figure 9.23 shows the long wave infrared absorption of Type Ila diamond at 295 and 
771 K.93;94 The extinction coefficient in Fig. 9.23 includes contributions from both 
absorption and scatter, but most is from absorption. Table 9.7 gives direct measurements 
of the absorption coefficient near 10 um from laser calorimetry. De Beers CVD diamond 
made in 1999 is reported to have only about 20% greater absorption than Type Ila 
diamond near 10 pm. All of the CVD diamond in Table 9.7 would be suitable for 
infrared window applications at elevated temperature. Figure 9.24 shows a direct measure 
of emittance from a De Beers CVD diamond window made around 1993. Figure 9.25 
compares the long wave extinction of two specimens of CVD diamond to that of Type Ila 
diamond. The weak peaks between 1100 and 600 cm”! appear to be real.28 Assignments 
of the diamond phonon frequencies in this and other regions have been reported.??-101 
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Fig. 9.23. Long wave infrared extinction of Type [la diamond.?2»94 Extinction 
includes both absorption and scatter. Smooth curves are from a multiphonon model. 


Table 9.7. Laser calorimetry of diamond at ~293 K 





Specimen ___ Wavelength (um Absorption coefficient (cm7! 
Type Ila specimen 1 10.59 0.03395 

Type Ila specimen 2 10.59 0.04295 

Type Ila specimen 3 10.59 and 9.27 0.047 and 0.0624 
Type Ia (multiple specimens) 10.59 0.029 + 0.0107 
CVD specimen 4 53,54 10.59 0.074, 0.115, 0.23¢ 
CVD specimen 5°3,°4 10.59 and 9.27 0.13 and 0.194 

CVD specimen 6>>: 54 10.59 and 9.27 0.23 and 0.282 

De Beers optical grade CVD diamond ~10.59 <0.07,22 0.0597 





@Raytheon data Texas Instruments data China Lake data 
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Fig. 9.24. Emittance of De Beers CVD diamond at 475°C and absorption coefficient 
calculated from the emittance. [Data from A. B. Harker, Rockwell Science Center. ] 
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Fig. 9.25. Comparison of long wave infrared extinction coefficient of Type Ia 
diamond and two specimens of CVD diamond.?,74 Specimen 932 is 0.64 mm thick and 
D-383 is 0.74 mm thick. The Type Ila diamond is 0.50 mm thick. 


In a study of Type Ila diamond, laser calorimetry was performed on several 
1-mm- and 0.5-mm-thick samples (Table 9.8).26 The difference between the two 
thicknesses allowed an assignment of contributions from bulk and surface absorption. At 
10.59 um in Table 9.8, the bulk absorption coefficient of a = 0.029 cm7! in a specimen 


of thickness b = 0.10 cm corresponds to an internal absorptance of 1 - e Gb - 1- 


e-(0.029 cm™!)(0.10 cm) = 0.29%. The surface absorption contribution was 0.63% per 
surface, or 1.26% total. The surfaces accounted for 81% of the total absorptance. The 
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Table 9.8. Bulk and surface contributions to Type Ila diamond absorption*?® 


As-received samples | After vacuum heating at 700°C 


Wavelength} Bulk absorption § Absorptance at Bulk absorption Absorptance at 
coefficient (cm! each surface (% coefficient (cm-! each surface (% 



























9.24 -0.002 + 0.014 1.50 + 0.22 0.004 + 0.020 0.71 + 0.14 
10.21 0.001 + 0.011 0.70 + 0.13 not measured not measured 
10.59 0.029 + 0.010 0.63 + 0.18 0.027 + 0.011 0.11 + 0.10 
10.67 0.033 + 0.014 0.68 + 0.15 not measured not measured 


“Based on measuring three 1-mm-thick specimens and two 0.5-mm-thick specimens 


specimens were then heated to 700°C in vacuum and calorimetry was repeated. The 
surface absorption was reduced by the heat treatment and the bulk absorption remained 
essentially unchanged. At 10.59 [um in Table 9.8, the surface absorptance decreased to 
0.11% per surface. The total surface contribution to absorptance fell from 81% prior to 
vacuum heating to 45% after heating. It was surmised that surface species derived from 
optical finishing or cleaning were removed by heating. 
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Fig. 9.26. Temperature dependence of transmittance and absorption coefficient of CVD 
diamond D-383.93-102 


Figure 9.26 shows the temperature dependent transmittance and absorption coefficient 
of diamond in the 2- and 3-phonon regions, where high quality CVD diamond and Type 
Ila diamond are essentially identical. Band-integrated absorption coefficients for diamond 
in the multiphonon region are listed in Table 9.9. These data are useful for estimating 
the emittance of diamond at elevated temperature. In the 1-phonon region where the 
transitions are forbidden, the magnitude of the absorption depends on defects in the 


diamond. !03 Therefore the best CVD diamond just approaches the behavior of Type Ila 
diamond. 
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Table 9.9. Effect of temperature on band-averaged absorption of diamond*>3 


Absorption Spectral range __ Average absorption coefficient (cm!) 


type (cm!) 298K 522K 656K 753K 771K 973K 


2-phonon 1660-2660 6.0[5.6]° 6.7 7.4 [7.2] 8.5 [8.5] 
3-phonon 2660-3890 0.8[1.4] 0.8 1.1 [1.7] 1.4 [2.4] 
4-phonon 3890-5028 0.2 0.3 0.6 0.7 


*Data not in brackets were measured on 0.50-mm-thick Type Ua diamond by M. E, 
Thomas, Johns Hopkins University Applied Physics Laboratory.28-!92 Data in brackets 
were obtained with 0.51-mm-thick CVD diamond by J. Trombetta, Texas Instruments. 





Example: Emittance and reflectance of diamond. Many people would like to use 
diamond as a midwave window in the 3-phonon region (2660-3890 cm7!, 2.57-3.76 um) 
where the transmittance looks pretty good in Fig. 9.26. What would be the emittance of 
a 0.15-cm-thick window in this band at 771 K? Table 9.9 tells us that the band-averaged 
absorption coefficient (@) is 1.4 cm! in the 3-phonon region. We can use Eq. (1-27) to 
find the emittance. The refractive index of diamond in the infrared region (Table 9.11) is 
2.38, so the single-surface reflectance in Eq. (1-11) is R = (1-2.38)2/(1+2.38)2 = 0.167. 
Using a@= 1.4 cm:! and b = thickness = 0.15 cm in Eq. (1-27) gives the emittance: 


_ G- RU -e°%) 4 - 0.167)1 - eX A-HO.15)) _ 
“= 1-Re@> ~—— 11. - 0.167e°-4)(0.15) 


The emittance of 18% is close to what we would have found from the approximation € = 
ab = (1.4)(0.15) = 0.21. Inspection of Fig. 2.14 shows that 18% emittance is grossly 
unacceptable for a hot window in the midwave region. If the diamond had been just 10 
[um thick, the emittance would have been 0.14%. A thin film of diamond (~10 pum thick) 
has acceptable emittance in the midwave region, but a thick window does not. 


To continue this example, let's compute the total infrared reflectance of diamond for 
normal incidence with Eq. (1-12): 


2R_ _ 2x0.167 


1+R 7 140.1677 "78° 


Total reflectance = r= 


The transmittance in the absence of absorption or scatter is therefore 1 - 0.286 = 71.4%. 
This is the baseline transmittance level in Fig. 9.22 in the long wave infrared region. 


a 


High quality CVD diamond in Table 9.10 has ~100 times as much optical scatter as 
Type Ia diamond at 10.6 {1m and ~20 times as much scatter at 0.63 um. Even so, the 
infrared scatter of high quality CVD diamond is below 1%, which is less than that of 
polycrystalline magnesium fluoride (Fig. 2.5). There is no change in the scatter of Type 
Ila or CVD diamond up to 500°C.!92 Infrared microscopy at Texas Instruments showed 
that visible and midwave infrared scatter originates predominantly at grain boundaries, not 
at grain centers.>4 
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Table 9.10. Total integrated scatter of high quality diamond>>>>4 


Thickness Scatter (% forward / % backward) 

Material (mm) @ 0.63 jim @ 3.39 [um @ 10.6 um 
Type Ia!02 0.50 0.2/-- 0.004 / -- 
CVD diamond 0.75 4.2/1.9 1.0 / -- 0.4/0.8 
CVD diamond 0.35 4.5/2.2 0.8 / 0.4 0.1 / 0.4 
CVD diamond 0.75 4.2 /-- 0.1 / -- 
CVD diamond 0.35 PED a Be) 0.6 / 0.2 0.9 / 0.2 
CVD diamond 0.51 24/7.8 4.5/1.3 0.6 / 1.0 
CVD diamond 0.91 9.2 / -- 0.6 / -- 


Three specimens of De Beers CVD diamond had optical scatter at 0.5 pum of 3-16%.104 


The ultraviolet absorption of diamond increases exponentially near the electronic band 
edge near 0.22 Lim in Fig. 9.22. In the region 0.225 to 0.35 um, the absorption 
coefficient (a, cm!) of Type Ia diamond is fit by the equation a@ = 0.28 9.45 E where E 
is the photon energy in electron volts.?3 Electron volts are equal to the energy in joules 
divided by the elementary charge (e). In terms of wavelength, the relationship is eV = 
hel(eA), where h is Planck's constant, c is the speed of light and A is wavelength. 
Impurities in diamond can give rise to ultraviolet absorption not seen in Fig. 9.22. For 
example, the nitrogen in Type Ia diamond gives a strong absorption centered near 0.39 


jim. 


Early in the development of CVD diamond, it was common to observe strong 
infrared absorption bands in the C-H stretching region at ~2800-3000 cm=! (~3.4 um) 
superimposed on the diamond 3-phonon absorption in the same region. Figure 9.27 
shows two very weak C-H absorptions arising from approximately 8 CH» groups per 


stretching absorptions 
superimposed on the 
3-phonon absorption in 
CVD diamond.°* The 
concentration of hydrogen 
in this sample is 16 H 
per 10° C atoms. 


i Fig. 9.27. Weak CH 


CHo stretching 
absorptions 
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million carbon atoms in CVD diamond.>* Other bands at somewhat shifted frequencies 
in other specimens of diamond arise from CH3 groups and CH groups in various 
environments. A given set of conditions for each different CVD diamond growth method 
has its own "signature" in the CH stretching region. The strength of the CH absorption 
near 3.4 um is strongly correlated with absorption in the 1-phonon region of CVD 
diamond near 8 um: The more CH impurity in the diamond, the more long wave infrared 
absorption in the diamond.!95-109 Hydrogen in CVD diamond is thought to reside 
mainly at grain boundaries. Grain boundaries can also be rich in graphite-like, 
amorphous carbon.!10 


Loss of thermal conductivity is also correlated with increasing hydrogen content in 
diamond.!98.!10 However, many defects in diamond are correlated with each other and it 
has been argued that hydrogen itself is not responsible for lowering the thermal 
conductivity.’ Figure 9.28 shows that increasing visible transmission in diamond is 
correlated with increasing thermal conductivity.!1! 
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Fig. 9.28. Correlation of 
increasing thermal conductivity 
with increasing visible (and 
ultraviolet) transmission in 
diamond.!!1 
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9.3.2 Refractive index 


Values of the refractive index (n) of diamond are listed in Table 9.11.!!2 Further 
values for a wide range of wavelengths can be found in the Handbook of Optical 
Constants of Solids. 113 A dispersion equation providing n as a function of wavelength 
is given in Appendix C. 114 The optical constants of diamond have been modeled over 
the energy range 0.06 to 30 ev.tl5 


Based on measurements at audio frequencies of 102-104 Hz, the dependence of 
refractive index on temperature is dn/dT = 9.6 x 10° K-! and the dependence on pressure 
is dn/dP = -0.86 x 10°!2 Par! near 300 K.!!7 A similar value of dn/dT = 1.0 x 10-5 
K-! is cited at a wavelength of 0.587 jpm.!18 The temperature dependence of dn/dT at 
0.633 jum over the range 25-1200°C for Type Ila diamond is!19 
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Table 9.11. Refractive index of Type Ia diamond! !2 


Wavelength Refractive Wavelength Refractive Wavelength Refractive 
m Index m Index m Index 
0.2265  2.7151116 0.600 2.4159 5.00 2.3767 
0.250 2.6333 0.700 2.4062 10.00 2.3756 
0.300 2.5407 2.50 2.3786 15.00 2.3752 
0.400 2.4641 3.00 2.3782 20.00 2.3750 
0.500 2.4324 4.00 2.3773 25.00 2.3749 
ia = 3.2x 106 + 3.76 x 10°87 + 3.78 x 10-1172 41.50x 1071473 = 9-3) 


where T is °C. At 25°C Eg. (9-3) gives dn/dT = 1.0 x 10°59 K-!. An etalon of CVD 
diamond (Section 1.3.2) gave a mean value of dn/dT = 1.56 x 10°> K-! in the wavelength 
region 6.7-12.5 um over the temperature range 295-784 K.93,94 


A 300-uum-thick sample of high quality CVD diamond had the same refractive index 
at 10 um as Type Ila diamond.!1! For thin films of diamond of modest quality, the 
situation is different. Whereas the refractive index of Type IIa diamond 1s 2.4-2.5 at 
visible wavelengths, the refractive index of ~3-um-thick CVD diamond is in the range 
~2.0-2.3.119 The difference might arise from non-diamond carbon or voids in the films. 


9.3.3. Microwave properties of diamond 


Table 2.1 showed that diamond is one of the best microwave window materials 
among infrared materials, because of its relatively low dielectric constant (€). For 
materials such as diamond with low absorption, the dielectric constant is the square of the 
refractive index (€= n2), A low dielectric constant means there is low reflection loss. 
One of the important potential uses of CVD diamond windows is for high power 
Gyrotron tubes that generate microwave energy with typical frequencies in the range 110- 
170 GHz at powers of the order of 1 MW.°’ Low absorption of the electromagnetic 
energy and high thermal conductivity to avoid large temperature gradients are other critical 
attributes of diamond that make it an excellent high-power microwave window. 


Diamond has a nearly constant refractive index and dielectric constant from long wave 
infrared wavelengths all the way through microwave and radio wavelengths. For Type Ia 


diamond, the dependence of microwave dielectric constant on temperature in the range 
220-340 K is! 17 


€= 5.70111 - 5.35167 x 1057 + 1.6603 x 10°7T (9-4) 
where T is in kelvins. The temperature and pressure derivatives at 300 K are 


1 de _ 6 1-1 _1 de _ 40 pect 
adi 8.09 x 10-6 K eT -0.72 x 10°12 Pa (9-5) 


where £390 is the dielectric constant at 300 K. Figure 2.19 showed the change in 
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Table 9.12. Microwave loss tangent and absorption coefficient of CVD diamond? 


Frequency (GHz) Loss tangent Absorption coefficient 


36 (80 - 150) x 10-6 0.0027 - 0.014 
72 73 x 10°6 0.0026 

144 (100 - 265) x 10-6 0.0072 - 0.0190 
145 (100 - 200) x 10-© 0.0072 - 0.0145 
145 (15 - 50) x 10-6 0.0011 - 0.0036 


Data for other specimens are given in Ref. 104. 


dielectric constant of Type Ia diamond at 35 GHz as a function of temperature from 18 to 
525°C. The equation of the curve in Figure 2.19 is 


rp = -2.6445 + 0.68861T + 3.8313 x 10°T2 + 1.1853 x 10°73 (9-6) 


where &7g 1s the dielectric constant at 18°C and T is in °C. 


For high quality CVD diamond, the microwave dielectric constant is somewhat 
variable, and has been quoted to be in the range 5.68 + 0.15.>7 Table 9.12 cites loss 
tangents (Eq. [2-8]) and absorption coefficients for high quality CVD diamond.>/ 


9.4 Diamond windows and domes 


Large, optical-quality diamond windows and domes have been fabricated. Figure 9.1 
showed a clear, polished window and Fig. 9.29 illustrates the excellent long wave infrared 
characteristics of a larger, thicker window. The 70-mm-diameter optical-quality dome in 
Fig. 9.30 has been polished on both surfaces. 


100 
ie antireflection Fig. 9.29. Infrared 
oY *., coating transmission of a 
~ large disk of optical- 
60 : quality diamond 
Uncoated grown by microwave 


plasma chemical 
vapor deposition at 
Raytheon. 


CVD Diamond 
1.25 mm thick 
64 mm diameter 


TRANSMITTANCE (%) 
So 8s 





2 4 6 8 10 12 14 16 
WAVELENGTH (im) 


330 Materials for Infrared Windows and Domes 





i 


Fig. 9.30. Polished CVD diamond domes (1 mm thick) from De Beers.?’ [Photo 
courtesy C. J. H. Wort, De Beers Industrial Diamond Division.] 


As mentioned in Section 9.3.3, diamond has outstanding properties for high power 
microwave windows. Diamond is also comparable to the best available materials for high 
power laser windows.!20 Its dielectric breakdown damage threshold electric field strength 
is comparable to that of other good laser window materials. Other useful attributes of 
diamond for laser windows are its high thermal conductivity, reasonable mechanical 
strength, low dn/dT, and weak nonlinear optical properties. The breakdown field strength 
of excellent CVD diamond is close to that of Type Ila diamond at 0.532 and 1.064 um 
wavelength.!2! In comparison to zinc selenide for CO laser windows, diamond has 100 
times more absorbance at the 10.6-\4m laser wavelength. However, the antireflection 
coatings required for either window account for much of the total absorbance.?2 With its 
high thermal conductivity, low dn/dT, and ability to be fabricated in thinner windows, 
thermal lensing in diamond is 100 times less than that in ZnSe.97 


The high thermal conductivity, low dn/dT, and low thermal expansion of diamond 
windows and domes make them virtually immune to thermo-optical image distortions in 
rapid-heating environments. In one set of simulations, heating of domes was computed 
for a severe missile trajectory.122 The relative root-mean-square wavefront errors of 
several dome materials after 3 seconds of flight were: zinc sulfide - 3.1, magnesium oxide 
- 1.0, yttria - 0.8, sapphire - 0.6, and diamond - 0.02. 


9.4.1 Polishing diamond 


Two challenges for making large optical components are the low growth rate of 
optical-quality CVD diamond (not exceeding 3 um/h) and great difficulty of polishing the 
hardest known material. Conventional abrasive polishing with diamond grit requires 
months of effort to produce an optical finish on a large surface. De Beers developed 
proprietary technology to reduce the time to fabricate the dome in Fig. 9.30 from a rough 
blank to a finished article in ~3 days. The quality of the optical surface produced at De 
Beers is indicated by the modulation transfer function of a large, flat window in Fig. 9.31, 
which ts within 3% of the diffraction limited value. 
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Fig. 9.31. Long wave 
infrared modulation transfer 
function (MTF) over a 35- 
mm aperture in a 106-mm- 
diameter CVD diamond 
window from De Beers.?” 
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Raytheon uses a computer-controlled 1.06-um Nd:YAG laser at grazing incidence to 
machine the outer surface of a 2-mm-thick dome blank from its initial roughness of ~100 
1am down to a roughness of ~1 um (Fig. 9,32).°8 However, final polishing to an optical 
finish with the required optical figure (geometric shape) requires significant effort after 
laser machining. 


Many methods have been reported for material removal and shaping of CVD 
diamond. When diamond is brushed against hot iron or nickel surfaces at ~650-950°C, 
carbon dissolves in the metal and the diamond surface becomes smoother.!23-128 The 
rate mainly depends on the rate at which carbon diffuses from diamond into the metal. 
Reactive atmospheres containing H,!27 or hydrogen atoms!25 are effective in removing 





Fig. 9.32. Rough as-grown outer surface of CVD diamond dome and appearance after 
machining to a roughness of 1 ~m with a Nd:YAG laser. The laser-machined dome 
appears black because the surface is converted to a thin layer of graphite which can be 
easily removed by subsequent polishing. [Raytheon photos courtesy C. B. Willingham. ] 
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carbon in the form of CH4 from the metal surface. Molten lanthanum or cerium metal 
dissolves carbon quickly from the diamond surface at 920°C under Ar!2? and the molten 
lanthanum-nickel eutectic dissolved diamond at rates of 36-215 [um/h over the temperature 
range 600-900°C.13° Precise shaping of diamond with molten metals would be rather 
difficult. Oxygen! 24,131,132 or argon!32 ion beams have also been used to smooth 
diamond surfaces. The oxide ion conductor, yttria-stabilized zirconia, acting as a cathode 
in a solid electrochemical cell with diamond and a silicon anode, smoothes diamond by 
oxidizing it to CO and/or CO? in air at 350°C.133 Attempts have also been made to 


polish diamond by an abrasive liquid jet.134 
9.4.2 Mechanical and erosion performance 


The mechanical strength of CVD diamond deposited as a hemispheric dome is 
equivalent to the strength of flat deposits. De Beers used a laser to cut flexure bars out of 
dome-shaped deposits. The strength of the bars in 3-point flexure tests was equivalent to 
the strengths of flat pieces shown in Fig. 9.13.97 The error in measuring the strength is 
negligible provided the radius of curvature of the bar is more than 8 times the thickness of 
the bar. 


Type Ila diamond has the highest waterjet damage threshold velocity of any infrared 
window material. Figure 7.27 showed that diamond has a higher multiple impact damage 
threshold velocity than sapphire. In an experiment with 1-mm-thick specimens, ring 
fracture was observed on the front surface of sapphire after 190-230 impacts at 420-440 
m/s from a 0.8 mm jet.2©135 Type Ila diamond of the same thickness did not exhibit 
ring fracture, but finally shattered after 170 impacts at 530 m/s. A second 1-mm-thick 
specimen of Type Ifa diamond withstood 300 impacts at 500 m/s and fractured after 9 
impacts at 525 m/s, 136 


Unlike thicker specimens of other materials, thin free-standing diamond windows (~1 
mm thick) generally fail at the rear surface when impacted by a sufficiently fast waterjet 
(Fig. 9.33). 136 Thicker materials almost always exhibit ring fracture on the front 
surface, rather than tensile failure on the rear surface. Figure 7.28 explained why the front 
surface ring fracture in diamond, when it finally does occur, is greatly enlarged in 
comparison to ring fractures on other materials such as zinc sulfide. 








Rear surface 
tensile failure 


Fig. 9.33. Front and rear surface 
damage to CVD diamond from waterjet 
impact. The diameter of the ring 
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Figure 9.34 shows that the threshold velocity for rear surface tensile failure in CVD 
diamond is higher for damage on the fine-grain nucleation surface than for the coarse-grain 
growth surface.436 This is not surprising, since the nucleation surface has a greater 
tensile strength than the growth surface (Fig. 9.13). Figure 9.35 shows that damage in 
thin diamond occurs first on the rear surface.!36 If the diamond is sufficiently thick, 
front surface ring fracture occurs at a lower threshold velocity than rear surface tensile 
failure. The reason is that the tensile stress on the rear surface decreases with the square 
of the thickness of the window. 


A possible antireflection surface on diamond is the moth eye structure described in 
Section 6.1.1. Erosion of a diamond moth eye has not been reported, but there has been a 
study of a silicon moth eye.!37,138 The multiple impact jet apparatus (MIJA) damage 
threshold velocity for 300 shots from a 0.8 mm jet for flat silicon was 205 m/s. With a 
silicon moth eye structure, the damage threshold velocity was reduced to 70 m/s and most 
damage was attributed to lateral jetting of the waterdrop after impact (Fig. 7.9). It 
remains to be seen whether a diamond moth eye will perform better. 
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Table 9.13. Erosion of diamond by 300-600 sand particles42 


Material Grain size Sand impact Erosion rate 
m)- velocity (m/s m 
Optical-quality CVD diamond: | 
<311>/<111> preferential orientation 38t4n 100 2.63 + 0.05 
<311>/<111> preferential orientation 280+ 80¢ 100 1.47 + 0.05 
<111> preferential orientation 30+ 8n 100 4.0 + 0.5 
<111> preferential orientation 190+ 50 ¢ 100 1.89 + 0.2 
"Mechanical-grade" CVD diamond: 
<110> preferential orientation | 32+4¢g 100 0.29 + 0.05 
Natural diamond Type Ia <100> single-crystal 140 0.05 
Sapphire (c-plane) single-crystal 100 92 +2 
Zinc sulfide 60 + 10 100 30 000 + 1 000 





*n = nucleation surface; g = growth surface 


Type Ila diamond has extreme sand erosion resistance. Mass loss is only observed 
after cracks on crystal planes intersect and chipping begins.>> Table 9.13 compares 
erosion rates of CVD diamond with Type Ila diamond, sapphire, and zinc sulfide.42 In 
CVD diamond, there was no evidence of failure along grain boundaries. Figure 9.36 
shows that the coarse-grain growth surface of 1-mm-thick CVD diamond is eroded more 
rapidly than the fine-grain nucleation surface.!39 (In 0.5-mm-thick diamond, the erosion 
rates of both surfaces were similar to each other.) 


Impact on nucleation surface 


Fig. 9.36. Sand erosion of the two 
surfaces of 1-mm-thick CVD diamond 
by 300-600 [im particles at 60 m/s at 
0.7 kg/m2/s.!39 Under the same 
conditions, sapphire lost 60% 
transmittance in about 550 s. 
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9.4.3 Oxidation of diamond 


Diamond is made of carbon, which burns in the air when the temperature is high 
enough. Figure 9.37 shows that when diamond is heated in air, the mass remains 
constant up to 700°C and then oxidation begins.!49.!41 The sample is gone by 800°C. 


Oxidation: C (diamond) + O2(g) - CQ(g) 
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Fig. 9.37. Thermogravi- 
metric experiment in which the 
mass of a chemical-vapor- 
deposited diamond film is 
measured while the diamond is 
heated in air at a rate of 
20°C/min. (Courtesy C. E. 
Johnson, Naval Air Warfare 
Center.) 
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Figure 9.38 shows an experiment designed to assess the endurance of a polished 
diamond window in the air at high temperature. The upper trace shows the initial infrared 
transmittance of the disk. The disk was then placed in a preheated furnace open to the air 
at 700°C for 75 s. The temperature of the diamond was not measured, but it was 
presumed that it came close to 700°C for a large fraction of a minute. The transmittance 
was almost imperceptibly degraded. When the same procedure was repeated at 800°C, 
significant degradation occurred and electron microscopy showed etching (oxidation) at the 
grain boundaries and, perhaps, at polishing scratches on the surface of the diamond. The 
conclusion is that an uncoated CVD diamond window or dome could survive ~1 min in 
air at 700°C, but not at 800°C. Type Ia diamond showed virtually no loss in infrared 
transmission when heated for 75 or 255 s at 800°C in air. A loss of 7% in transmission 
at 10.56 jum was noted after a total heating time of 540 s at 800°C. 


Oxidation-resistant, antireflection coatings should allow diamond to be used at higher 


temperatures than 700°C. Two different coatings protected diamond from oxidation at 
temperatures of 1000-1300°C for ~6 s.!43 However, it should be kept in mind that any 
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Fig. 9.38. Transmittance of polished CVD diamond disk after 75 s exposure to 700° or 
800°C in air.!42 
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coating on diamond is less erosion resistant than diamond. Attempts to reduce the 
susceptibility to oxidation by ion implantation!43 or incorporating fluorine into the 
diamond were unsuccessful.!44 Boron doping at a level of 1019 B/cm3 decreased the rate 
of oxidation of CVD diamond by 50% at 700°C,!4> but boron may not be compatible 
with long wave infrared optical performance requirements. 


9.4.4 Prospects 


Diamond is likely to remain the most expensive infrared window material. However, 
it will perform jobs that no other material can do. It will withstand very rapid heating 
when all other materials would fail. It induces the least thermo-optic distortion. Unlike 
other thermal-shock-resistant materials, such as sapphire and gallium phosphide, diamond 
provides a long wave window, not a midwave window. For process control applications, 
diamond is the most chemically inert window. It might be the ultimate microwave or 
laser window for very-high-power devices. Optical applications of diamond are likely to 
be small compared to use for cutting tools and heat spreading in electronic circuits. Each 
application will help reduce the price for new applications. As with other new materials, 
several decades are likely to pass before a range of applications reaches maturity. 
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Appendix A 


PHYSICAL CONSTANTS AND 
CONVERSION FACTORS 


Table A.1. Physical constants” 


e 1.602 177 33 (49) x 10°19 C 

Speed of light in vacuum c 2.997 924 58 x 108 m/s 

Planck's constant h 6.626 075 5 (40) x 10-34 Js 
k 1.380 658 (12) x 10-23 J/K 


Elementary charge 


Boltzmann's constant (= R/N) 


Electron rest mass Me 9.109 389 7 (54) x 10-3! kg 
Proton rest mass Mp 1.672 623 1 (10) x 10°27 kg 
Permittivity of free space Eo 8.854 187 817 x 10-12 C2/(N-m2) 
Permeability of free space Uo 4n x 10°7 H/m 
Avogadro's number N 6.022 136 7 (36) x 1023 mol"! 
Gas constant R 8.314 510 (70) J/(mol’K) 
Faraday constant (= Ne) F 9.648 530 9 (29) x 104 C/mol 
Gravitational constant G 6.672 59 (85) x 10°11 m?>/(s*-kg) 
Gravitational acceleration (standard) 9.806 65 m/s2 

Bohr magneton (= eh/2m,) LB 9.274 015 4 (31) x 10°24 /T 
Electron magnetic moment Le 9.284 770 1 (31) x 10°24 /T 
Pi 1 3.141 592 653 589 793... 
Basis of natural logarithm e 2.718 281 828 459 045... 





“Numbers in parentheses are one-standard-deviation uncertainties in last digits. From 
E. R. Cohen and B. N. Taylor, J. Res. Nat. Bur. Stand., 92, 85 (1987). 
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Table A.2. Conversion factors” 


‘Toconvertfrom. ss S™—~—™—sIntcSSSSSSSCSS™~™~SSCCSCSCSCSCMMiditip iy by” 
Pounds (mass) Kilograms 0.453 592 37 
Pounds (force) Newtons 4.448 223 
Inches Meters 2.54 x 10-2 
Angstroms Meters 19-10 
Pounds per square inch (psi) Pascals (N/m?) 6.894 76 x 10° 
Ksi (1000 psi) MPa (10° Pa) 6.894 76 
Foot-pounds Joules 1.355 82 
Atmospheres Pascals 1.013 25 x 10° 
Torr (mm Hg) Pascals 1.333 22 x 102 
Bars Pascals 10° 
Dynes Newtons 10-> 
Liters Cubic meters 10-3 
Ergs Joules . 10-7 
Electron volts Joules 1.602 177 33 x 10°19 
Calories (thermochemical) Joules 4.184 
British thermal units (BTU) Joules 1.055 06 x 102 
BTU / (ft2*s) W/em2 1.135 66 
Horsepower Watts 7.457 00 x 102 


“Example: To convert 3.00 pounds into kilograms, multiply pounds by 0.453 592 37: 
3.00 Ib x 0.453 592 37 kg/lb = 1.36 kg. 
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Appendix B 


SUPPLIERS OF INFRARED MATERIALS 
AND SOURCES OF INFORMATION 


This list is by no means exhaustive. We apologize in advance to suppliers who are not 
represented and welcome submissions for inclusion on future lists. More listings of 
manufacturers and suppliers and optical coating laboratories can be found at the home 
page of Laser Focus World at http://www.lfw.com/ on the World Wide Web and in The 
Photonics Buyers' Guide published by Laurin Publishing Co., P.O. Box 4949, Pittsfield, 
MA 01202-4949, Phone: 413-499-0514. See also the SPIE Buyers Guide at 
http://optics.org/search/advsearch.html. Another source is the American Precision Optics 
Manufacturers Association Buyers Guide available from the Center for Optics 
Manufacturing, 240 East River Road, Rochester NY 14623-1212 (Phone: 716-275- 
1093; http://www.opticam.rochester.edu) 


Amorphous Materials 

3130 Benton Street 

Garland TX 75042-7410 
972-494-5624 

GaAs, AMTIR-1, AMTIR-3, As9S3 


Battelle Pacific Northwest Laboratory 
Richland WA 99352 

509-375-2076 

coatings, electromagnetic shielding 


Bicron (formerly Harshaw) 

6801 Cochran Road 

Solon OH 44139 

440-248-7400 

BaF2, CaF>, CsBr, CsI, PbF, LiF, 
MgF2, KBr, KCl, KF, KI, AgBr, Agl, 
NaCl, Nal, SrF2, TIBr, KRS-5, TICI, 
KRS-6 


Bicron (formerly Union Carbide) 
750 S. 32nd Street 

Washougal WA 98671 
206-835-8566 

Sapphire 


Ceramiques Techniques Desmarquest 
48 rue des Vignerons 

94685 Vincennes Cedex France 
FAX: 33 1 48 18 51 52 

Hot pressed MgF2 


Coherent Auburn Group 
2303 Lindbergh Street 
Auburn CA 95602-9595 
530-8988-5 107 

infrared and diffractive optics 


Corning Glass Works 
35 W. Market Street 
Corning NY 14830 
800-525-2524 

glasses and optical fibers 
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Crystal Systems 

27 Congress Street 
Salem MA 01970-5597 
978-745-0088 

sapphire, Si 


Crystar Research 

721 Vanalman Avenue 
Victoria, British Columbia 
Canada V8Z 3B6 
604-479-9922 

sapphire, GaAs 


De Beers Industrial Diamond Division 
Charters, Sunninghill, Ascot 
Berkshire SL5 9PX 

United Kingdom 

+44-1344-623456 

CVD diamond 


Deposition Sciences, Inc. 
386 Tesconi Court 

Santa Rosa CA 95401 
707-579-2008 

coatings 


Diamonex 

7150 Windsor Drive 

Allentown PA 18106-9328 
610-366-7100 

CVD diamond, diamondlike carbon 
coatings 


Dynasil Corp. 

385 Copper Road 

W. Berlin NJ 08091-9145 
609-767-4600 

fused silica 


Eagle-Picher Technologies 
P.O. Box 737 

737 Highway 69A 
Quapaw OK 74363 
918-673-1650 

Ge, Si 


ELCAN Optical Technologies 
450 Leitz Road 

Midland, Ontario 

Canada L4R5B8 

705-526-5401 

optical finishing and assemblies 


Evaporated Metal Films Corp. 
701 Spencer Road 

Ithaca NY 14850 
800-456-7070 

coatings 


Ferson Optics 

2006 Government Street 
Ocean Springs MS 39564 
601-875-8146 

dome and optics fabrication 


Exotic Materials 

36570 Briggs Road 

Murietta CA 92563-2347 
909-926-2994 

coatings, electromagnetic shielding 


GFI Advanced Technologies 

379 Winthrop Road 

Teaneck NJ 07666 
201-833-8530 

GaP, Ge, CaF2, MgF9, SrF2, SiC 


Harris Diamond Corp. 

(no relation to the author!) 

100 Stierli Court, Suite 106 
Mount Arlington NJ 07856-1312 
201-770-1420 

diamond importer 


Infrared Optical Products 

P.O. Box 292 

Farmingdale NY 11735 

516-694-6035 

Ge, Si, ZnSe, CaFo, BaFo, KRS-5, 
fused silica, MgF2, LiF, GaAs, ZnS 


Insaco 

P.O. Box 9006 

Quakertown PA 18951-9006 
215-536-3500 

sapphire, optical fabrication 


Laser Power Optics 
12777 High Bluff Drive 
San Diego CA 92130 
619-755-0700 

ZnSe, GaAs, Ge, Si 
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Lattice Materials Corp. 
516 E. Tamarack Street 
Bozeman MT 59715 
406-586-2122 

Si, Ge 


Meller Optics 

120 Corliss Street 
Providence RI 02904 
401-331-3717 

sapphire, optical fabrication 


Mho/Acec Union Miniére 
A. Greinerstraat 14 
B-2660 Hoboken, Belgium. 
32-3-8297929 

Ge 


Morton Advanced Materials 
185 New Boston Street 
Woburn MA 01950 
781-933-9243 

ZnS, ZnSe, Tuftran, SiC 


OFC Corp. 

2 Mercer Road 
Natick MA 01760 
508-655-1650 
coatings 


Ohara Corp. 

23141 Arroyo Vista 

Rancho Santa Margarita CA 92688 
949-858-5700 

optical glasses and glass-ceramics 


Optical and Conductive Coatings 
428 N. Buchanan Circle, No. 8 
Pacheco CA 94553 
415-798-6066 

coatings 


Optical Coating Laboratory 
2789 Northpoint Parkway 
Santa Rosa CA 95407-7397 
707-525-7011 

coatings 


Optical Coating Technologies 
193 Northampton Street 
Easthampton MA 01027-1019 
413-527-6307 

coatings 
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Optical Corporation of America 
170 Locke Drive 

Marlboro MA 01752 

508-48 1-9860 

Si 


Opticoat Associates 

10 Kidder Road, Suite 6 
Chelmsford MA 01824 
508-250-8115 

coatings 


Optovac 

24 East Brookfield Road 

P.O. Box 248 

North Brookfield MA 01535-0248 
508-867-6444 

CaF, SrF2, BaFo, MgF2, LiF, 
CeF3, PbFo, NaCl, KCl, KBr 


Pacific Optical 

2660 Columbia Street 
Torrance CA 90503 
213-328-5840 


_ windows and coatings 


Pennsylvania Optical 

234 S. Eighth Street 

P.O. Box 1217 

Reading PA 19603-1217 
215-376-5701 

optical fabrication 


Phase4 Infrared 

3 Foundry Street 
Lowell MA 01852 
978-458-8328 

ZnS, ZnSe, Ge 


Pilkington Optronics 

Barr & Stroud Ltd. 

1 Linthouse Road 

Glasgow, Scotland G51 4BZ 
FAX: 0141-440-4001 

ZnS 


Rafael Optical Coatings 

Dept. 27 

P.O. Box 2250 

Haifa Israel 31021 

FAX: 972-4-8792890 

ZnS, coatings, conductive coatings 


Appendix B: Suppliers and Sources of Information 349 


Raytheon Advanced Materials Group 
131 Spring Street 

Lexington MA 02421 
781-860-3061 

ALON, ZnS, CVD diamond, 
polycrystalline Si, yttria?, spinel? 


Raytheon Optical Systems 

100 Wooster Heights Road 
Danbury CT 06810-7589 
203-797-6141 

coatings, electromagnetic shielding 


Raytheon Systems Co. 

Advanced Optical Materials, MS 55 
P.O. Box 655012 

Dallas TX 75265 

972-344-8001 

GaP, GaAs, chalcogenide glass, 
polyethylene optics 


Raytheon Systems Co. 

Custom Optics Services, MS 8731 

P.O. Box 660199 

Dallas TX 75266 

972-480-1806 

infrared components, coatings, diamond 
turning 


Rotem Industries 
Kerem Division 

P.O. Box 9046 
Beer-Sheva 84190 
Israel 

FAX: 972 7 656 8770 
sapphire 


Saphikon 

33 Powers Street 
Milford NH 03055 
603-673-5831 
sapphire 


Schott Glass Technologies 

400 York Avenue 

Duryea PA 18642 

717-457-7485 

Schott Glaswerke 

Postfach 2480 

Mainz 55014, Germany 

FAX: 49 61 31 66 20 03 

calcium aluminate, germanate glass, 
Zerodur 


Silicon Casting 

1741 Saratoga Avenue 
San Jose CA 95129 
408-252-0733 

Si 


Sumitomo Electric Industries 
Itami Research Laboratories 
1-1-1, Koya-kita, Itami 
Hyogo, 664 Japan 

FAX: 0727-70-6727 

spinel, ZnS, MgF2 


Thermal American Fused Quartz Co. 
Route 202 

Montville NJ 07045 

201-334-7770 

fused silica 


II-VI, Inc. 

375 Saxonburg Boulevard 
Saxonburg PA 16056 
412-352-5207 

ZnS, ZnSe 


Zygo Corp. 

Laurel Brook Road 
Middlefield CT 06455 
860-347-8506 

optical fabrication 
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Sources of information on infrared materials 
Books devoted to materials: 


SPIE Symposium Proceedings, especially Volumes 50, 297, 505, 618, 683, 929, 968, 
1112, 1326, 1535, 1760, 2286, 3060, 3705 and CR39. 

P. Klocek, ed., Handbook of Infrared Optical Materials, Marcel Dekker, New York 
(1991). 

J. A. Savage, Infrared Optical Materials and Their Antireflection Coatings, Adam Hilger, 
Bristol, England (1985). 

S. Musikant, Optical Materials: An Introduction to Selection and Application, Marcel 
Dekker, New York (1985). 

E. D. Palik, ed., Handbook of Optical Constants of Solids, Academic Press, Orlando, 
Florida, Volumes I, II and III (1985, 1991, 1998). 


Books with some chapters on materials: 


J. S. Accetta and D. L. Shumaker, eds, The Infrared and Electro-Optical Systems 
Handbook (8 volumes), Environmental Research Institute of Michigan, Ann Arbor, 
Michigan, and SPIE Press, Bellingham, Washington (1993). 

M. E. Bass, E. W. van Stryland, D. R. Williams, and W. L. Wolfe, eds. Handbook of 
Optics (2nd edition, 2 volumes), McGraw-Hill, New York (1995). 

W. L. Wolfe and G. J. Zissis, eds., The Infrared Handbook, Environmental Research 
Institute of Michigan, Ann Arbor, Michigan (1985). 
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Appendix C 


OPTICAL PROPERTIES OF INFRARED 
MATERIALS 


Table 


Table 
Table 


Table 


C.1. 


C.2. 
C.3. 
C.4. 


Refractive index and absorption coefficient near room temperature, and 
temperature dependence of refractive index 


Dispersion equations for refractive index 
Absorption coefficients of selected materials calculated by Optimatr® 


Change of refractive index for isotropic compression 
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Table C.4. Change of refractive index (n) for isotropic compression under pressure P 


Material ——SS—SS—SSWavelength(nm) ————sdn/dP (kbar!) 
Diamond (C)96 -—- -0.86 x 10-4 
Fused silica (SiO2)78 0.589 +9.2 x 104 (sign?)* 
Gallium arsenide (GaAs)’? = -23 x 104 
Gallium nitride (GaN)®2 — -7.3 x 10-4 
Germanium (Ge)?? --- -28 to -40 x 1074 
Lithium fluoride (LiF)?! = +1.98 x 10-4 
Magnesium fluoride (MgF>)®4 ~~ (anisotropic crystal values in Ref. 84) 
Magnesium oxide (MgO)/6 0.589 -1.58 x 10°4 
0.546 -1.65 x 104 
0.436 -1,91 x 10-4 
0.405 -2.06 x 10-4 
Potassium bromide (KBr)®! --- +24.4 x 10-4 
ot-Quartz (SiO2)77 0.589 +10.3 x 10-4 (n,) 
0.589 +10.75 x 10-4 (n,) 
Silicon (Si)’? = -10 x 10-4 
Sodium chloride (NaCl)8! 7 +11.7 x 10-4 
Spinel (MgAl204)7> 0.589 -0.9; x 10-4 
CVD-Zinc selenide (ZnSe)*®3 0.633 -9.6 x 10-4 
Zinc sulfide (CVD ZnS7?)80 --- +9 x 10-4 (sign?) 
Zinc sulfide (crystalline ZnS 9/9 -- -2x 10-4 
10.6 -3.1 x 10-4 


*There may be confusion in the literature in the sign of dn/dP. A positive value of dn/dT 

(T = temperature) means that when the lattice expands, n increases. A positive value of 
dn/aT implies that the value of dn/dP should be negative, since the lattice will contract as 
P increases. Comparing dn/dP in Table C.3 to dn/dT in Table C.1 suggests that the 
signs of dn/dP for fused silica and CVD ZnS may be wrong. 
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Appendix D 
DEFINITIONS FROM RADIOMETRY 


Radiometry is the science of the measurement of electromagnetic radiation. Several 
quantities that appear in discussions of radiometry are defined below. 


Radiant energy, Q, measured in joules (J), is the quantity of electromagnetic energy 
incident on or emerging from a surface. 


Spectral radiant energy, Qj, measured in joules per nanometer (J/nm), is the radiant 


energy per unit wavelength interval at a specific wavelength. The total radiant energy in 
the wavelength interval from A; to A2 is 


A2 


Q= |o,aa. -1) 
ds 


Radiant flux, ®, also called radiant power, is the radiant energy per unit time passing 
through a surface. The units are watts (W), equal to joules per second. The radiant 
energy passing through the surface in the time interval from t7 to fg is 


to 


Q= |[@d. (D-2) 


ty 


Spectral radiant flux, ®), also called spectral radiant power, is the radiant flux 
(power) per unit wavelength passing through a surface. The units are watts per nanometer 


(W/nm). The radiant flux in the wavelength interval from A; to A2 passing through a 
surface is 
Ay 


® = J @, da (D-3) 
Ay 
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and the spectral radiant energy passing through a surface in the time interval from t7 to to 
is 


to 


Q, = fea at . (D-4) 


ty 


Irradiance, E, is the radiant flux (power) per unit area (W/m) incident on or emerging 
from a surface. If an element of surface area is da, the flux incident on or emerging from 
the entire surface is the integral of irradiance over the entire area: 


® = |Eda. | (-5) 


The irradiance leaving the surface is also called the exitance, which was discussed under 
blackbody radiation in Section 0.2. Irradiance includes all of the radiation in a hemisphere 
around an infinitesimal patch of surface. 


Spectral irradiance, Ej, is the radiant flux (power) per unit area per unit wavelength 


(W/[m?-nm]) at a specific wavelength incident on or emerging from a surface. The 
irradiance in the wavelength interval from A] to Az is 


A2 
E= [Ea dA. (D-6) 
Ay , 


The radiant flux incident on or emerging from the entire surface is the integral of spectral 
irradiance over wavelength and area: 


@ = Ne ,diada. (D-7) 


Radiant intensity, I, is the radiant flux (power) per unit solid angle, Q, passing 
through a point in a specific direction. The units are watts per steradian (W/sr). Radiant 
intensity usually refers to the radiant flux from a point source of electromagnetic 
radiation. The flux from the point source in a certain solid angle is 


@® = fidQ. (D-8) 
Spectral radiant intensity, 17, is the radiant flux per unit solid angle per unit 
wavelength passing through a point in a specific direction. The units are watts per 


steradian per nanometer (W/[srnm]). The flux from the point source in a certain solid 
angle is the integral of spectral radiant intensity over solid angle and wavelength: 


® = [[n dada. (D-9) 
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Radiance, L, is the radiant flux (power) per unit projected area and per unit solid angle 
incident on or emerging from a point on a surface. The units are watts per square meter 
per steradian (W/[m2'sr]). The flux emerging from the surface in Fig. D.1 within the 
solid angle Q is 


® = |{Ldada = | [x (day cos 6) dQ. (D-10) 


Radiance is a function of position on the surface and the direction of the flux from the 
surface. If the radiance is independent of location on the surface, then radiance can be 
expressed as a function of just @ and ¢ in Fig. D.1. Irradiance integrates the radiance over 
a complete hemisphere (27 steradians) around a point on the surface: 


E = [L(6,@) cos@dQ. (D-11) 
20 


The factor cos @ comes from projecting the area day into the area da in Fig. D.1. 


Direction of flux 






Fig. D.1. 
Radiance is 
the radiant 


Projected area da flux per unit 


da = da, cos @ projected area 
Cae per unit solid 
Area on surface da,— aan angle from 
the surface 

Ton | element da. 


A Lambertian radiator is an ideal surface whose radiance is independent of direction. 
This turns out to be equivalent to saying that irradiance is proportional to cos @ in Fig. 
D.1: 


Lambertian radiator: E(@) = E\ cos@ (D-12) 


where £; is the irradiance in the direction perpendicular to the surface. For a Lambertian 


radiator, the irradiance is equal to 7% times the radiance (E = x L) if L is a constant, 
independent of @ and @. 
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Appendix E 
ELASTIC CONSTANTS 


Chapter 3 described the elastic behavior of isotropic materials —- those whose 
properties are identical in every direction. Single-crystal materials and some polycrys- 
talline materials with a preferential alignment of the crystallites in one direction are not 
isotropic. For example, the sapphire crystal in Fig. 1.6 has different physical properties, 
such as refractive index or elastic modulus, along the c and a axes. This Appendix tells 
how we describe the mechanical properties of anisotropic materials such as sapphire. 


Figure E.1 shows the notation for stresses (0) acting on a general volume element 
within a substance. The second subscript is x for all stresses acting on face x (normal to 
the x direction) at the left side of the cube. Similarly, stresses acting on face y end in the 
subscript y and stresses acting on face z end in the subscript z. The first subscript on 
each stress gives the direction of the force. Thus stress Oy, acts in direction z on face x. 
The stresses Ox, Oyy, and Oz, are tensile or compressive. Shear stresses have two 
different subscripts, such as Oxy and 0;,. To prevent rotation of the volume element, the 
following relations must be true: Oxy = Oyx, Oxz = Ozx and Oyz = Ozy. Therefore, there 
are only six distinct components of stress: three of the type oj; and three of the type oj. 


Fig. E.1. Notation for 
stresses, acting on a general 
volume element. 0;; are tension 
or compression and oj; are shear 
stresses. 
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Elastic constants relate the applied stresses to the resultant strains in a material. For 
a general definition of strain in a 3-dimensional object, first consider the 2-dimensional 
object in Fig. E.2. Suppose that the initially square object has a speck of dust embedded 
in it at point P. After applying stresses to distort the object, the speck of dust has moved 
to P’. The vector connecting P to P’ is uw with components uy and uy. If the object were 
3-dimensional, there would also be a component uz. . 


In general, each point P in the undistorted object can have a different displacement 
vector u when the object is distorted. The strain in the x direction, &,,, at the point P is 
defined as the change in ux with respect to x, evaluated at the point P: 


0 
Strain in x direction = &, = = (E-1) 


Similarly, the strains in the y and z directions are eyy = Ouy/oy and Ey, = du,/ax. 


Shear strains are slightly more complicated. Recall in Fig. E.1 that shear is 
generated, for example, by a force in the x direction acting parallel to a plane that is 
normal to the y direction. There are three distinct shear strains defined by the equation 


1 (ou Ou 1 fou Ou 
ery = Ex = 3 (G+ z) fxz = x= 3 (G+ z) 
1 fou, au 
Eyz = Exy =5 (> + =) (E-2) 


So just as with stress, there are only 6 distinct components of strain: three of the form 
€;; and three of the form &j. 


When an object such as the dashed square in Fig. E.3 is sheared, the engineering 
shear strain, ¥, is usually defined as the sum of the two shear angles: y= $; + $2. This 
definition makes 7 twice as big as €yy defined in Eq. E-2. 
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Fig. E.3. Engineering shear strain is 
defined as y= $7 + $2. 


For linear elastic behavior, which is an idealization for small strains in optical 
ceramics, Hooke's law tells us that stress is proportional to strain. For an isotropic 
material, we wrote Eq. 3-3: stress (0) = Young's modulus x strain = Eé. 


For an anisotropic material, we write an equation analogous to Eq. 3-3 to relate the 
six components of stress to the six components of strain: 


Oxx C11 €12 €13 C14 CI5 C16\( Exx 
Oyy C12 €22 €23 C24 C25 €26 || Eyy 
Ozz a | 13 €2F €33 834 €35. €36 Ezz (E-3) 
Oxy C14 C24 €34 C44 C45 C46 || 2Exy 
Oxz CIS C25 €35 C45 C5§ C56 |I 2Exz 
Oyz C16 €26 €36 C46 C56 C66/ \2Eyz 


The coefficients cj; are called stiffness coefficients. It turns out that the stiffness matrix 
must be symmetric, so there are a maximum of 21 distinct stiffness coefficients, not 36. 
Equation (E-3) describes a fully anisotropic material —- one that has no symmetry at all. 
The shear strains in Eq. (E-3) are written with a factor of two to make them consistent 
with the engineering strain. 


We can also write that the strains are proportional to the stresses: 


Exx $11 S12 $13 S14 S15 S16\ (Oxx 
Eyy S72 522 $23 S24 S525 $26 || Syy 
Ezz | _ | 513 523 $33 534 535 $36 || Ozz (-4) 
2Exy S14 S24 S34 S44 545 S46 || Oxy 
2Exz S15 $25 S35 S45 855 S56 || Oxz 
2Eyz S16 S26 $36 S46 556 S66/ \Oyz 


The coefficients sj; are called compliance coefficients. The matrix of compliance 
coefficients is the inverse of the matrix of stiffness coefficients. We will show the form 
of the stiffness matrix for three cases of high symmetry: cubic, trigonal, and isotropic. 


Cubic materials: For a cubic material, such as diamond or sodium chloride, 
symmetry dictates that most of the coefficients are zero and there are only 3 nonzero 
coefficients. The stiffness and compliance matrices have the following forms: 
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cj1 ¢j72 ¢72 9 O 0 53] 512 832 9 O O 
cj72 c71 ¢12 0 O QO 5132 511 5322 9 O QO 
cj72 c12 ¢73 0 O O S12 512 513 09 O O 
0 O O cqgg 0 O 0 O O sqgg 0 O 
0 O O O cgg 0 0 O O O sgaq 0 
0 O 0 O O c4g4 0 0 0 O O s44 

Stiffness matrix fora Compliance matrix for a 

cubic material such as diamond cubic material such as diamond 


Stiffness and compliance constants for several cubic infrared optical materials are listed in 
Table E.1. 


Let's use the compliance matrix for the cubic crystal, diamond, to compute the 
strains when a stress of O,, = 100 MPa is applied along the x axis only. 


Exx $71 512 512 9 O O 100 x 106 Pa 

Eyy 572 531 5132 9 O O 0 

Ezz |_| $12 512 511 9 O O 0 5 
2éexy | | O O O s4g 0 O 0 eo) 
2Exz 0 0 0 O sgg 0 0 

2Eyz 0 0 0 0 0 s44 0 


where s77 = 0.9524 x 10°12 Parl, 575 = -0.0991 x 10-12 Pav! and $12 = -0.0991 x 10°12 
Pa-! from Table E.1. The results are 


Exx = 9.524 x 10° Eyy = -0.991 x 10° Ezz = -0.991 x 10-9 


The sensible results say that pulling along the x axis extends the crystal in the x direction 
and shrinks the crystal in the y and z directions. No shear strains are created. 


Trigonal materials: A crystal such as sapphire, has a 3-fold axis of symmetry 
(Fig. 1.6). The stiffness and compliance matrices have 6 distinct elastic constants: 


Cl] C12 ¢13 ¢14 O 0 
Cc Cc C13 -cjq O 0 
oy Cc - 0 0 0 Stiffness matrix for 
cjg ~-cj14 0 cgq O 0 a trigonal material 
0 0 0 O cy C14 such as sapphire 
0 0 O90 O ¢74 !A{c71-C72) 
SJ] 572 513 S14 9 0 
5]2 SJ] $13 -S14 O 0 . . 
513 813 833 O 0 0 Compliance matrix for 
s74 -S]34 0 s4q 0 0 a trigonal material 


0 0 O O-| S44 2814 such as sapphire 


0 860 0 O 2sjz4 2(s]]-5]2) 


Elastic constants for several trigonal infrared optical materials are listed in Table E.2. 
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Table E.1. Elastic constants of some cubic infrared materials near 20°C* 


Stiffness (GPa) Compliance (10°12 Pa-!) 

Crystal Cj] C12 C44 SJ] S]2 S44 
ALON (aluminum oxynitride)}* ~393 ~108  ~119 ~2.89 ~-0.62 ~8.40 
Barium fluoride (BaF7)° 90.7 41.0 25.3 15.2 -4.7 39.6 
Boron phosphide (BP)° 315 100 160 3.75 -0.90 6.25 
Cadmium telluride (CdTe)° 53.8 37.4 20.18 43.24 -17.73 49.55 
Calcium fluoride (CaF7)° 165 46 33.9 6.94 -1.53 29.5 
Calcium lanthanum sulfide ~98 ~47 ~50 ~15 ~5  ~20 
Cesium iodide (CsI)° 245 6.6 6.3 46.1 -9.7 158 
Diamond (C)f 1076 125 577 0.9524 -0.0991 1.733 
Gallium arsenide (GaAs)? 118 53.5 59.4 11.75 -3.66 16.8 
Gallium phosphide (GaP) 142 63 71.6 960 -2.93 14.0 
Germanium (Ge) 129 48 67.1 9.73 -2.64 14.9 
KRS-5 (TIBro.5Ip,5)° 34.1 13.6 5.79 38.0 -10.8 173 
Lithium fluoride (LiF)> 112 46 63.5 116 -3.35 15.8 
Magnesium oxide (MgO)& 297.8 95.1 155.8 3.97 -0.96 6.42 
Potassium bromide (KBr)° 345 55 5.10 30.3 -4.2 196 
Silicon (Si)® 165 64 79.2 7.74 -2.16 12.6 
Silicon carbide (B-SiC)4 350 142 256 3.18 -0.85 3.91 
Sodium chloride (NaC1)® 491 128 12.8 22.9 -48 78.3 
Spinel (MgAl204) 282.9 155.4 154.8 5.79 -2.05 6.49 
Yttria (Y203)? ~233. ~101 = ~67 ~5.82 ~-1.76 ~14.93 
Zinc selenide (ZnSe)! 81.0 48.8 44.0 26.3 -9.89 22.7 
Zinc sulfide (ZnS)! 104.6 65.3 46.1 18.4  -7.07 21.7 


*From W. J. Tropf, M. E. Thomas and T. J. Harris, "Properties of Crystals and Glasses," 
in Handbook of Optics 2nd ed. (E. van Stryland, D. Williams and W. L. Wolfe, eds.), 
Vol. H, McGraw-Hill, New York (1995). 

a. Properties estimated from engineering moduli by Tropf et al. 

b. K.-H. Hellwege & A. M. Hellwege (eds.), Landolt-Bérnstein Numerical Data & Func- 
tional Relationships in Science & Technol. New Series; Group III: Crystal & Solid 
State Physics; Vol. 11: Elastic, Piezoelectric, Pyroelectric, Piezooptic, Electro-optic 
Constants & Nonlinear Susceptibilities of Crystals, Springer-Verlag, Berlin (1979). 

. W. Wettling and J. Windscheif, "Elastic Constants and Refractive Index of Boron 
Phosphide," Solid State Commun., 50, 33-34 (1984). 

d. Estimates based on data from M. E. Hills, Preparation, Properties, and Development 
of Calcium Lanthanum Sulfide as an 8- to 12-Micrometer Transmitting Ceramic, 
Naval Weapons Center Report TP 7073, China Lake, California, September 1989. 

e. R. D. Greenough and S. B. Palmer “The Elastic Constants and Thermal Expansion of 

Single-Crystal CdTe," J. Phys. D, 6, 587-592 (1973). 
M. Grimsditch and A. Ramdas, "Brillouin Scattering in Diamond," Phys. Rev. B, 11, 
3139-3148 (1975). 

. A. Yoneda, "Pressure Derivatives of Elastic Constants of Single Crystal MgO and 
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Table E.2. Stiffness and compliance coefficients of sapphire at different temperatures” 


ij: 11 33 44 12 13 14 
296K: 
Stiffness, cjj (GPa) 497.3 500.9 1468 1628 116.0 -21.90 
Compliance, sjj (10°! Pa!) 2.349 2.173 6.948 -0.7000 -0.3819 0.4549 
600K: 
Stiffness, cj; (GPa) 486.0 489.2 1392 163.1 113.0 -23.26 
Compliance, sjj (10°! Pa!) 2.424 2.223 7.361 -0.7490  -0.3870 0.5303 
900K: 
Stiffness, cjj (GPa) 472.3 4760 1312 162.4 109.6 -23.92 
Compliance, sj (10°!2 Pa!) 2.516 2.282 7.843 -0.8043  -0.3941 0.6053 
1200K: 
Stiffness, cjj (GPa) 457.3 461.1 123.2 160.7 105.4 -24.32 


Compliance, sj (10°!2 Pat!) 2.620 2.352 8.388  -0.8647 -0.4012 0.6878 


*From T. Goto, O. L. Anderson, I. Ohno, and S. Yamamoto, "Elastic Constants of 
Corundum up to 1825 K," J. Geophys. Res., 94 [B6], 7588-7602 (1989). See also W. 
E. Tefft, "Elastic Constants of Synthetic Single Crystal Corundum," J. Res. National 
Bureau of Standards, 70A, 277-280 (1966) and J. B. Wachtman, Jr., W. E. Tefft, D. G. 
Lam, Jr., and R. P. Stinchfield, "Elastic Constants of Synthetic Single Crystal 
Corundum at Room Temperature," J. Res. National Bureau of Standards, 64A, 213-228 
(1960). 


Now let's compute the strains in sapphire when a stress of Oz; = 100 MPa is applied 
along the z axis, which is the 3-fold axis of symmetry in Fig. 1.6. 


Exx SJ1 S12 S13 Sj4q  O 0 ) 

Eyy S12 SJ] S]3 -S]14 0 0 1) 

Ezz |_| S13 573 533 OO 0 0 100 x 106 Pa 

2Exy | | S14 -S314. 0 S4q O 0 0 (E-6) 
2Exz 0 0 0 O s44 25] 4 0 

2Eyz 0 O 0 O 2sy4 2(s7]-572) 0 


where the compliance constants at room temperature are given by the second row in Table 
E.2. The results are 


Exx = -3.819 x 10°5 Eyy = -3.819 x 10° Ezz = 21.73 x 10°5 


Pulling along the z axis extends the crystal in the z direction and shrinks the crystal in the 
x and y directions by equal amounts because of symmetry in the xy plane. If the same 
100 MPa of tension were applied along the x axis, the strains would be 


Exx = 23.49 x 10°5 Eyy = -7.000 x 10°5 Ezz = -3.819 x 10° 


The strains in the y and z directions are not equal because these two axes are not 
equivalent in the crystal. 
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Table E.3. Elastic constants of isotropic infrared materials near 20°C” 


“Material ———SSSSSSSS——_—~SYooung's modulus(GPa) _ Poisson's ratio _ 
AMTIR-1 glass# 21.9 0.266 
BK7 glass# 81 0.208 
BS39B glass 104 0.29 
Corning 97544 84.1 0.290 
Fused silica (Si02)4 72.6 0.164 
IRG-11 glass 107.5 0.284 
ALON (aluminum oxynitride) 323 0.24 
Diamond (chemical vapor deposited)° 1143 0.069 
Lanthana-doped yttria (0.09La203'0.91Y203)¢ = 170 0.30 
Magnesium fluoride (hot pressed MgF>)° 142 0.271 
Spinel (MgA120z)58 275 0.26 
Yttria (Y203) 1734, 181.14 0.2995 
Zinc selenide (ZnSe)! 70 0.28 
Zinc sulfide (ZnS)! 74 0.29 
Zinc sulfide (multispectral ZnS)! 88 0.32 


*See Table 1.1 for glass compositions. 

a. W. J. Tropf, M. E. Thomas and T. J. Harris, "Properties of Crystals and Glasses," in 
Handbook of Optics 2nd ed. (E. vanStryland, D. Williams and W. L. Wolfe, eds.), 
Vol. Il, McGraw-Hill, New York (1995). 

b. E. A. Maguire, J. K. Rawson and R. W. Tustison, "Aluminum Oxynitride's 
Resistance to Impact and Erosion," Proc. SPIE, 2286, 26-32 (1994). 

c. C. A. Klein and G. F. Cardinale, "Young's Modulus and Poisson's Ratio of CVD 
Diamond," Diamond and Related Mater., 2, 918-923 (1993). Calculated for randomly 
oriented grains. Most chemical vapor deposited diamond has a preferential orientation, 
so the elastic properties will be anisotropic. 

d. W. J. Tropf and D. C. Harris, "Mechanical, Thermal, and Optical Properties of Yttria 
and Lanthana-Doped Yttria," Proc. SPIE, 1112, 9-19 (1989). 

e. D. M. Bailey, F. W. Calderwood, J. D. Greiner, O. Hunter, Jr., J. F. Smith and R. J. 
Schiltz, "Reproducibilities of Some Physical Properties of MgF2," J. Am. Ceram. 
Soc., 58, 489-492 (1975). 

f. T. M. Hartnett and R. L. Gentilman, “Optical and Mechanical Properties of Highly 
Transparent Spinel and ALON Domes," Proc. SPIE, 505, 15-22 (1984). 

g. D. W. Roy and G. G. Martin, Jr., "Advances in Spinel Optical Quality, Size/Shape 
Capability and Applications," Proc. SPIE, 2286, 213 (1992). 

h. O. Yeheskel and O. Tevet, "Elastic Moduli of Transparent Yttria," J. Am. Ceram. 
Soc., 82, 136-144 (1999). 

i. C. A. Klein and C. Willingham, "Elastic Properties of Chemically Vapor-Deposited 
ZnS and ZnSe," in Basic Properties of Optical Materials, pp. 137-140, National 
Bureau of Standards Special Publication 697, Washington D.C. (1985). 
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{sotropic materials: The physical properties of an isotropic material are the 
same in every direction. The compliance (and stiffness) matrix have the same form as for 
a cubic material, except that 


1 
S12 =S11-5 544. (E-7) 


That is, there are only 2 independent elastic constants, not 3. If you know sj 7 and s74, 
you can compute s77. The compliance matrix takes the following form: 


VE -WE -WE 0 0 
-WE WE -WE 0 0 
-WE -WE l/E 0 0O 
0 O O Ih O 
0 0 0 O Wu 
0 0 dO 0 0 1 


Compliance matrix for 
an isotropic material 


OoOooc eo 


~~ 


Ul 


where E is Young's modulus, v is Poisson's ratio, and pf is the shear modulus in Eq. 
(3-6). Only two of the constants are independent. For example, we can express the shear 
modulus in terms of Young's modulus and Poisson's ratio: 


__E 
E> oy 





(E-8) 


For completeness, the bulk modulus, K, in Eq. (3-4) is related to Young's modulus and 
Poisson's ratio by the equation 





E 
Be By” ere) 


Table E.3 gives elastic constants for some polycrystalline materials, which are nearly 
isotropic, and glasses which are isotropic. 
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Appendix F 
THE WEIBULL DISTRIBUTION 


The Weibull model for ceramic failure is based on the idea that a ceramic breaks when 
its weakest element fails. In addition to this weakest link assumption, Weibull had to 
assume a form for the probability of failure function. We now explore mathematical 
aspects of the Weibull distribution for the probability of ceramic failure. ! 


F.1 Weibull probability distribution 


To describe the probability of failure, we can conceptually divide the ceramic into 
many small elements, as in a finite element analysis. If failure originates at the surface, 
then the elements would each include a portion of the surface. If the part fails within the 
bulk, then we divide the part into many tiny volume elements. For the sake of 
discussion, let's consider a ceramic object divided into n tiny volume elements of volume 
dV such that the total volume is V=7n8V. 


Let Pg be the probability of failure of the ith yotume element due to stress in that 
element. For simplicity, suppose that the distribution of flaws in the ceramic component 
is uniform, which means that all volume elements have equal probability of failure if the 
stress is uniform, as in the cylinder in Fig. 3.3. The probability of failure plus the 
probability of survival, P,;;, of each element must be unity, so the probability of survival 
is 1 - Pg. The probability of survival of n elements is the product of the probability of 
survival of each element: 


Total probability of survival = Ps; = (Psj)"” = (1- PR)”. (F-1) 


That is, if the probability of survival of each element is 0.999 and if there are 1000 
elements, then the probability of survival of the entire component is (0.999)1000 — 


0.368. The component has a 36.8% probability of survival and a 63.2% probability of 
failure. 


Now we play some tricks. Let's multiply and divide the term Pg by V and then 
rewrite V in the denominator as V = n dV: 
VP An VPr on 
ee ee Ls eee | 
Ps = (1- Pg” = (1-7) = 1-3 


2) 
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The quotient Pg/SV is the probability of failure per unit volume. As the element size 
gets smaller, the term Pg/5V ought to approach a limit that we will designate ¢: 


limit p _ ¢ : ry (F-3) 


n-—> oo 


Now you might remember from your childhood that 


= : 
whe) Se (F-4) 


where e is the base of the natural logarithm. So the probability of survival of the entire 
component in the limit as it is divided into smaller and smaller pieces is just 


Py, =e V9. (F-5) 


Equation (F-5) is the result of assuming that the component fails when its weakest link 
fails. 


At this point, Weibull needed to guess some form for the function @, which is the 
probability of failure per unit volume. Certainly @ 1s a function of the stress, 0, in each 
element. For agreement with many types of experimental data, Weibull assumed that @ 
has the form 


CO - 
3-parameter Weibull function: ¢g = fee (for 0 2 Oy) (F-6) 
O 


where Op is called the Weibull scaling factor, 6, 1s the critical stress below which the 
failure probability is zero, and m is called the Weibull modulus. For 0 < oy, the 
probability of failure of the element is taken as zero. The values of dg, 0,, and m are 
chosen to fit a particular set of experimental data. Frequently we use a two-parameter 
probability function instead of the three-parameter function. 


2-parameter Weibull function: d= (2)” , (F-7) 
O 


The 2-parameter function is more conservative than the 3-parameter function in that the 
2-parameter function presumes that there is always a finite probability of failure — even 
with very low stress. 


To summarize the important result so far, the probability of survival of the entire 
component is Ps = e-V, where @ could be given by the 3- or 2-parameter Weibull 
functions (F-6) or (F-7). For simplicity of writing equations, and because it is so 
common, we will only write the 2-parameter function in most of the following 
discussion. 


Weibull probability of survival for uniform stress: P, =e-V@ = e-V(0/00)” (B-8) 


Now comes the subtle issue of dimensions. The exponent in Eq. (F-8) must be 
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dimensionless. We could give 0, dimensions that cancel the volume, but it is easier and 
more common to express the volume as V/V,, where V, is some chosen unit volume 
such as 1 cm? or 1 inch?. In many Weibull analyses, the factor V in the exponent of Eq. 
(F-8) is ignored. Ignoring V is equivalent to taking the volume of the test specimen as 
the unit volume. When the time comes to extrapolate the probability of failure to 
specimens of other sizes, the volume of the test specimen must be explicitly considered. 


So far we have assumed that the stress is uniform in the test specimen. If stress is 


not uniform, then the Weibull probability of survival should be expressed as an integral 
over volume. For the 2-parameter function (F-7), this integral has the form 


Weibull probability of survival for nonuniform stress: P, = eNolog)"dV_ (F-9) 
For the 3-parameter function, the integrand in Eq. (F-9) would be given by Eq. (F-6). 
F.2 Effective volume or area 

Equation (F-9) can be cast into a convenient form for scaling probabilities of failure 


for specimens of different size. First we multiply and divide the term 60/d, by 
Omax/Omax, Where Omax is the maximum stress anywhere in the specimen. 


P, = eV(Gmax©/Omax%0)"4V = e-(Omax/00)" o/0max) dV | (F-10) 


Defining the dimensionless number k as 


k=4 J( e )"av (F-11) 


Omax 





we recast Eq. (F-10) as 
P, = ekVOmax/Go)” . (F-12) 


The product kV 1s called the effective volume. If we were testing a specimen that is 
under the uniform tension Ojg,, then k = 1 and kV is the actual volume. The effective 
volume can be thought of as the volume of a specimen if it were under the uniform 
tension Ojngax. If we were concerned with surface failure instead of volume failure, we 
would substitute area, A, for volume in Eqns. (F-11) and (F-12) and the product kA would 
be called the effective area. 


F.3. Weibull equations for different kinds of test specimens 


Figure F.1 shows rectangular bars tested in pure tension, 4-point bending and 3-point 
bending. The height (d), width (b) and outer load span (L) are the same for all three bars. 
If all three bars were fabricated from identical material, the strengths measured in the three 
different tests would not be equal because the stress distribution is different in each test. 
We can use Eqns. (F-11) and (F-12) to compare the expected strength in each kind of test. 


First consider the tensile test at the top left of Fig. F.1. The stress everywhere in the 
bar is equal. The fraction 0/Omg, in Eq. (F-11) is unity because 6 = Omax = Otension: 
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Fig. F.1. Geometries of rectangular bars for tension, 4-point bending and 3-point 
bending strength measurements. The lower bar is drawn at twice the scale as the upper 
bars to show the details of the 3-point bending test. P is the applied force. 


Therefore k = 1 in Eqns. (F-11) and (F-12). The probability of survival, P,, is given by 
the first entry in Table F.1. The mean strength is calculated by evaluating the integral 


oo 


—_ aP, 
0 


whose value is also shown in Table F.1. The mean strength depends on the effective 
volume, kV, and a numerical factor, I" (a function of the Weibull modulus), that is close 
to unity and tabulated in Table F.2. 


For a series of identical test specimens of any geometry, the factor kV in Eq. (F-13) 
is unity, because all specimens have the same volume and stress state. Therefore, the 
mean strength is predicted to be G = OjI, where I is taken from Table F.2 for the 
measured Weibull modulus. For example, in Table 3.1, 13 zinc sulfide disks have a 
mean strength of 92.8 MPa and a Weibull scaling factor of 100.6 MPa. With a measured 
Weibull modulus of 5.43, the interpolated value of I in Table F.2 is 0.9225. The 
predicted mean strength is O= OpI = (100.6 MPa)(0.9225) = 92.8 MPa, which happens 
in this fortuitous example to be equal to the observed mean strength. 
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Table F.1. Weibull equations for volume scaling of tensile and flexure tests” 


Tensile test (Fig. F.1, upper left) 


P, = ekV(O/G0)" k=1 o = V =Ldb 


5 ee Oo L The expression for mean strength is 
Mean strength: © = (kV )\/m PES m ) identical for all tests in this table 


4-Point flexure test (Fig. F.1, upper right, inner load span = L/2) 


m 3PL 
Ps = ekV(Omax/00) Omax = 4d 2b V=Ldb 
= ee if gauge section is entire region between outer load points 
k = eG if gauge section is region between inner load points only 
4-Point flexure test (inner load span = 1/4) 
m 9PL 
P, - ekV(Omax/%o) Omax = 8d2b V=Ldb 
k= oe if gauge section is entire region between outer load points 
I , ee : : 
k= 8(m +1) if gauge section is region between inner load points only 


3-Point flexure test (Fig. F.1, bottom) 
m : 3PL 
P. = ekWVOmax/Fo) = V=lLd 
s e Omax dd 2b | b 


= og (gauge section is the region between outer load points) 


“For the same material, the Weibuli parameters m and Gp should be the same for all three 
types of test specimens. The function T(z) is equal to (z-1)! (factorial) if z is an integer. 
This function is listed in Table F.2 for a range of values of Weibull modulus. 


oo 


Table F.2. Gamma function: F(z) = |t =le-tat 
0 


l l 
m Pit) m r+) 
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Next, consider the 3-point flexure test at the bottom of Fig. F.1. The tensile stress 
is maximum at the lower center of the specimen. It decreases linearly to zero between the 
center line and the outer load lines. It also decreases linearly to zero from the lower 
surface of the specimen to the middle of the specimen. The stress in the upper half of the 
specimen is compressive, not tensile. We assume that only tensile stress contributes to 
failure and ignore the regions under compressive stress. The stress in the tensile volume 
of the bar as a function of the position (x,y) is therefore 


o = Omax (a 3) a: ene 


To find the effective volume for 3-point flexure, we evaluate the integral in Eq. 
(F-11): 


ai av=+¥i(E5) (Ga) ay 
L/2 d/2 F 
m m 
; iw Nor) « \@a) ty |e = oe DE nae 


The effective volume is kV = V/[2(m + 1)2], where V is the volume of the specimen 
between the outer load points (V = Ldb). The mean strength turns out to be identical to 
the expression in Eq. (F-13). 


Table F.1 also gives the effective volume for different 4-point flexure experiments. 
The two cases considered are with inner spans equal to 1/2 or 1/4 of the outer load span, 
L. In both cases, the volume is V= Ldb. The effective volume, kV, depends on whether 
we consider just the region between the central loads or the full region between the outer 
loads. If you test a set of specimens and reject those that do not fracture between the 
central loads, then you should use the expression for k between the inner loads only. If 
you do not know the fracture origin, it would be appropriate to use the expression for k 
between the outer loads. The region in which failure is considered "acceptable" for a test 
is called the gauge section in Table F.1. 


F.4 Relative strengths of different kinds of test specimens 


Table F.1 allows us to predict the relative strengths that should be observed when we 
change the type of mechanical test or the specimen size. Suppose that we have many 
coupons made from one lot of material. If we perform many tensile tests with the 
geometry at the upper left in Fig. F.1, we would observe a Weibull distribution with a 
modulus, m, a scaling factor, Sp, and a mean strength S. We have replaced o for stress 
in Table F.1 with S for strength measured in an experiment. According to the Weibull 
failure model, the mean strength should be given by the expression for the tensile test in 
Table F.1 with k = 1: 


S = cys PU +5 bee wots ). (F-16) 
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Eq. (F-16) predicts what will happen if the size of the tensile specimen is changed. 
The values of m and S, depend on the material and not on its size. If the volume were 
changed from V7 to V2, the predicted change in the mean strength is 


1 
fe = 
So (kV. um tO ti) gy pvp 
Sa_ Gave aay _ (y' — 
5, So ra++) 2V2 V2 
(kyV 0" m 


If the Weibull modulus were 5 and the dimensions of the tensile specimen were all 
doubled, the volume would increase by 23 and the mean strength is predicted to be reduced 
to 66% of the strength of the smaller samples: 


1/5 


S2_(Vi\" . | 
at (sy; ) = 0.66. (F-18) 
S] 

Eq. (F-18) contains a general result that you can rationalize from inspection of the 


expressions for mean strength of different kinds of specimens in Table F.1. The mean 
strength is related inversely to the effective volume raised to the 1/m power: 


S kiV 
Comparing strengths in different tests: “2 _ (ll ; (F-19) 
3, k2V2 





Example: Comparing strengths in tensile and flexure tests. Suppose that we 
measure the tensile strengths of many rectangular prisms with dimensions of 3 x 4 x 40 
mm and observe S = 100 MPa and m = 5. Let's use Eq. (F-19) to predict the flexure 
strength of a set of 3 x 4 x 45 mm 4-point flexure bars tested with an inner load span of 
20 mm and an outer load span of 40 mm in Fig. F.1. The numbers were chosen so that 
the volume of the tensile bars is the same as the volume of the flexure bar between the 
outer load points. This volume is V= 3x 4x 40 = 480 mm?. If we only consider 
specimens that break within the inner load span, the value of k from the second section of 
Table F.lisk = 1/[40n + 1)] = 1/24 = 0.04167. 


_S4-pt_ pa kionsinay "= (G& 
= k4-p¥ 0.04167 


S tension 





Since Stension = 100 MPa, we predict S4-pt = 189 MPa. The flexure specimen is 


stronger because less of its volume is exposed to the high stress seen throughout the 
entire volume of the tensile specimen. 








Example: Comparing strengths in 4-point and 3-point flexure tests. What is the 
expected mean strength of a material in 4-point flexure if the mean strength in 3-point 
flexure is 100 MPa, the Weibull modulus is 5, and the volumes between the outer load 
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points are equal? If the 4-point flexure test is done with an inner load span of L/2 in 
Table F.1 and if failure only between the inner loads is considered, then kg_p; = 
1/{4(m + 1)] = 1/24. For 3-point flexure, k3.p, = I/(2(m + 1)7] = 1/72. The predicted 
ratio of strengths is 


2 1/m 1/5 
Sa-pt_ (k3-p¥\" _ (U2) _ ogy = S4.pt = 80 MPa. 
: ae 1/24 
S3-pt 4-pt 


The 4-point flexure specimens are expected to have 80% of the strength of the 3-point 
specimens because there is less stress throughout the volume in the 3-point flexure test. 


If we choose to do a 4-point flexure test with an inner load span of L/4 instead of 
L/2, then only half as much of the specimen is stressed and Table F.1 tells us that k4_p, 
= 1/[8(m + 1)] = 1/48. In this case, the 4-point flexure specimens are predicted to have 
92% of the strength of the 3-point flexure specimens. 


F.5 Weibull scaling by area instead of volume 


Optical ceramics most frequently fail from the surface, not the volume. In this case, 
we substitute area for volume in the Weibull expression for the probability of survival: 


P, = ekA(max/Oo)” (F-20) 


The effective area is KA, where k is given by an equation analogous to (F-11) with area 
substituted for volume. 


Example: Effective area of a 3-point flexure specimen. Let's find the effective area 
of a 3-point flexure specimen that fails only on the tensile surface at the bottom of the 
specimen in Fig. F.2. The stress decreases linearly from the central load to the outer 
loads: O = Omax([x/({L/2)]. The total area of the gauge surface is A = Lb and the 
integral analogous to Eq. (F-15) is 


k=5JGZ) 4 “i GE td 4 


The value k = 1/(m + 1) computed in the preceding example is found in the bottom 
section of Table F.3, which also gives expressions for 4-point flexure tests. The 
equations for flexure tests in Table F.3 assume that failure originates on the lower tensile 
surface only, as in Fig. F.2. The equations would have additional terms if failure on the 
side surfaces is also considered. 
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Table F.3. Weibull equations for area scaling of tensile and flexure tests 


*x 
Tensile test (Fig. F.1, upper left) 


P, = e-kKA(0/0p)" k=l 


fe zs 
o=% Area = 2Ld + 2Lb 


3 | The expression for mean strength is 
Mean strength: 6 = (k ane ne =) identical for all tests in this table 
4-Point flexure test (Fig. F.1, upper right, inner load span = L/2) 
P, = e-KA(Omax/80)" Grav aL ae 


4d2b A=Lb 
k m+ 2 


=5 aad if gauge section is between outer load points 
k 


1/2 if gauge section is between inner load points only 


4-Point flexure test (inner load span = L/4) 


m 
P, = ekA(max/Oo) Gee 


8d 2b ine 
k= nS if gauge section is between outer load points 
4(m + 1) | 
k = 1/4 if gauge section is between inner load points only 


3-Point flexure test (Fig. F.2, bottom 


m 
P, = e-kKA(Omax/%o) Omax _ 3PL 


2d 2b eee 
k = fe r i (gauge section is between outer load points) 





Equations for k for flexure tests presume that failure occurs only on the tensile surface in 


Fig. F.2. k would be greater if failure can also occur on the side surfaces of the bar 
Values of the function I"(z) are given in Table F.2 





3-Point bending Tensile surface 


Fig. F.2. Geometry of rectangular bars for 3-point bending strength measurement 
The tensile surface is the shaded area at the bottom. 
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Appendix G 


THERMAL PROPERTIES OF SELECTED 
MATERIALS 


This Appendix provides thermal expansion coefficients (@), thermal conductivity (k), 
and heat capacity (Cp, also called specific heat) as a function of temperature for selected 
window materials. These properties were described in Sections 4.1 and 4.2. The heat 
capacity, Cp, is measured at constant applied pressure. For solid materials, the heat 
capacity, Cy, measured at constant volume, is nearly the same as Cp. 


With respect to thermal expansion, sometimes the change in length (AL in Fig. 4.1) 
of a material is expressed as a multiple of its initial length (L,) at some reference 
temperature (such as 298 K) by a polynomial in temperature (7): 

AL/L, = a+bT+cT2 = AL = L,(at+bT+cT%). (G-1) 


From the relation 


L=Lo+AL=Lo+Lo(at bT +cT*) =Lo(1+a+bT +cT2) (G-2) 
we can write 
dL/aT = L,(b + 2cT). (G-3) 


The thermal expansion coefficient, a, is 


_ lak | b+2cT 


"Lad teoaebT acto (G-4) 


Equation (G-4) allows us to calculate the expansion coefficient starting from an 
expression for AL/Lo. 


If we begin with an expression for the expansion coefficient such as 


a = A+BT+CT? (G-5) 
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we can derive a formula for length as a function of temperature by integrating the 
definition of @ in Eq. (G-4): 


. T T 
a-i*@ fears J“= jaar = m£= fad. CG) 
Lad L L Lo 
LE; To To 


If a = A+ BT + CT, then the integral on the right side of Eq. (G-6) is 


In = A(T-Tp>)+ + B(T?- T,*) + 7c (3. To) . (G-7) 
oO 


Alphabetical data section 


ALON, Aluminum oxynitride (Al23.x/30274xN5-x) (Melting point = 2420 K) 
(0.429 < x < 2) (x is typically 1)! 


Thermal expansion: 


Average expansion coefficient from 300 to 473 K = 5.8 x 10-6 K-! 
Average expansion coefficient from 300 to 1173 K = 7.8 x 10°6 K-! 


Thermal conductivity:2 
12.6 W/(m’K) at 300 K 


Specific heat (J K-! g-1):3 
T (K) 300 
Specific heat 0.77 


1. For a general review of ALON and its properties, see N. D. Corbin, "Aluminum 
Oxynitride Spinel: A Review," J. Eur. Ceram. Soc., 5, 143-154 (1989). 

2. T. M. Hartnett and R. L. Gentilman, "Optical and Mechanical Properties of Highly 
Transparent Spinel and ALON Domes," Proc. SPIE, 505, 15-22 (1984). 

3. P. Klocek, ed., Handbook of Infrared Optical Materials, Marcel Dekker, New York 
(1991). 


Calcium fluoride (CaF) (Melting point = 1775 K; phase change at 1424 K) 
Thermal expansion (T = 293 to 900 K, Ly at 293 K):1 

AL/Lo = -0.00564 + 1.991 x 10° T - 5.582 x 10-9 T2 + 1.109 x 10°11 73 
Thermal conductivity (W/(m:K)):2 


Crystal 1: 


T (K) 319 383 421 
Conductivity 9.1 7.1 5.9 
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Crystal 2: 


T (K) 331 379 463 569 651 
Conductivity 5.4 4.5 3.6 32 3.0 


Specific heat (J K-! g-1):3 


T (K) 300 400 500 600 

Specific heat 0.90 0.93 0.96 1.00 
T (K) 1000 1100 1200 = 1300 
Specific heat 1.15 1.19 1.23 1.27 
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748 848 
2.9 2.8 


700 800 900 
1.04 1.07 1.11 


1400 
1.30 


1. Y.S. Touloukian, R. K. Kirby, R. E. Taylor and T. Y. R. Lee, Thermophysical 
Properties of Matter, Vol. 13, Thermal Expansion, IFI/Plenum Press, New York 


(1977). 


2. Y.S. Touloukian, R. W. Powell, C. Y. Ho and P. G. Klemens, Thermophysical 
Properties of Matter, Vol. 2, Thermal Conductivity, IFI/Plenum Press, New York 


(1970). 


3. Y.S. Touloukian and E. H. Buyco, Thermophysical Properties of Matter, Vol. 5, 


Specific Heat, IFI/Plenum Press, New York (1970). 


Diamond (Type [lIa) (C) 


Thermal conductivity (W/m’K) "representative values": 1 
T(K) 3 4 5 6 7 8 


9 10=—s Il 12 


Conductivity 11.1 26.1 49.4 82.0 124 177 241 317 400 500 


T(K) 13 14 #15 16 18 + 20 


25 30 35 £40 


Conductivity 610 732 865 1000 1320 1680 2710 3890 5180 6590 


T(K) 45 350 60 70 80 90 


100 123.2 150 173.2 


Conductivity 7930 9210 11200 11900 11700 10900 10000 7920 6020 4930 


T(K) 200 223.2 250 273.2 298.2 300 
Conductivity 4030 3470 2970 2620 2320 2300 


For more thermal conductivity and other thermal properties, see Sections 9.2.3 and 9.2.4. 


1. C. Y. Ho, R. W. Powell and P. E. Liley, "Thermal Conductivity of the Elements," 


J. Phys. Chem. Ref. Data, 1, 279-421 (1972). 


Gallium arsenide (GaAs) (Melting point = 1511 K) 


Thermal expansion: !+2 


a (K-!)= 4.24~x 10° + 5.82 x 10°97 - 2.82 x 1071272 (T = 200-1000 K) 


AL/Lo = -0.00147 + 4.239 x 10°°T + 2.916 x 10-9 T2 - 9.360 x 10°13 73 


(T = 200 to 1600 K, L, at 293 K) 
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Thermal conductivity:! 


conductivity (W/mK) = 544007-!-2. (T= 75-1000 K) 
(for n-type GaAs with <5 x 10!6 carriers/em3) 


Specific heat (J K-! g-1);:3 


T (K) 50 100 150 200 273 400 500 
Specific heat 0.0904 0.199 0.264 0.296 0.317 0.339 0.342 
T (K) 600 700 800 900 1000 1100 = 1200 


Specific heat 0.345 0.348 0.351 0.354 0.357 0.360 0.363 


1. Texas Instruments (now Raytheon Systems Co.) data sheet. 

2. Y.S. Touloukian, R. K. Kirby, R. E. Taylor and T. Y. R. Lee, Thermophysical 
Properties of Matter, Vol. 13, Thermal Expansion, IFI/Plenum Press, New York 
(1977). 

3. Y.S. Touloukian and E. H. Buyco, Thermophysical Properties of Matter, Vol. 5, 
Specific Heat, IFI/Plenum Press, New York (1970). 


Gallium phosphide (GaP) (Melting point = 1740 K) 


Thermal expansion:! 


T (K) 298 323 373 423 473 #8 523 
a (10-§/K) 3.5 3.7 4.1 4.6 5.0 5.4 
T (K) 573. = 623'—'s«673——ié‘72382—”'—‘<‘é«ST7T73’ 
a. (10°§/K) 5.7 5.9 6.1 6.2 6.2 


Thermal conductivity (W/m:K):! 


T (K) 298 323 373 473 573 673 
Conductivity 86.4 76.3 66.5 46.5 37.3 30.2 
T (K) 773 823 
Conductivity 25.8 24.3 


Specific heat (J K-! goly:2 


T (K) 298 373 473 573 673 #773 
Specific heat! 0.44 046 048 0.49 0.50 0.52 


1. J. Trombetta, Raytheon Systems Co., to be published. 

2. Data from Ref. 1. These data are approximately half of the corresponding values 
listed in Y. S. Touloukian and E. H. Buyco, Thermophysical Properties of Matter, 
Vol. 5, Specific Heat, IFI/Plenum Press, New York (1970). The new data are 
thought to be correct. 
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Germanium (Ge) (Melting point = 1211 K) 


Thermal expansion: !>2 
a (10°°/K) = -3.386 + 0.08232 T - 3.032 x 10°47 2 + 6.066 x 10°7 T3 
- 6.688 x 10°10 74 + 3.831 x 10-4375 - 8.911 x 10-1776 (T= 200 to 1100 K) 


AL/Lg = 5.790 x 10°8(T - 293) + 1.768 x 10-9 (T - 293)2 
- 4.562 x 10°13 (7 - 293)> (T = 293 to 1200 K, Lo at 293 K) 


Thermal conductivity (W/m:K) recommended values:3 


(Values below 290 K are typical, but actual values are highly sensitive to small 
chemical and physical variations among specimens. Values above 290 K are 
considered accurate to +10%.) 


T (K) 100. «123.3. «150)=)=.173.2,-—_ 2000S 223.2~=— 250 
Conductivity 232 168 132 113 96.8 85.9 74.9 
T (K) 273.2 298.2 300 323.2 350 373.2 400 
Conductivity 66.7 60.2 599 548 49.5 46.5 43.2 
T (K) 473.2 500 573.2 600 673.2 700 773.2 
Conductivity 35.9 33.8 28.8 27.3 23.7 22.7 20.4 
T (K) 800 §=873.2 900 973.2 1000 1073.2 1100 
Conductivity 19.8 18.5 18.2 17.6 17.4 17.1 17.0 
T (K) 1173.2 1200 

Conductivity 17.2 17.4 


Specific heat: ! 


Heat capacity (Cp, J K-! g-) = 0.156858 + 9.82450 x 10-4 T - 1.93455 x 10°6 72 
+ 1.69594 x 10-9 73 - 5.23981 x 10°1374 (T= 200-1200 K) 


1. C.C. Gibson, D. L. Taylor and R. H. Bogaard, Databook on Properties of Selected 
Infrared Window and Dome Materials, High Temperature Materials Information 
Analysis Center Report HTMIAC 27, September 1996. (Available from Defense 
Technical Information Center.) 

2. Y.S. Touloukian, R. K. Kirby, R. E. Taylor and P. D. Desai, Thermophysical 
Properties of Matter, Vol. 12, Thermal Expansion, IFI/Plenum Press, New York 
(1975). 

3. C. Y. Ho, R. W. Powell and P. E. Liley, "Thermal Conductivity of the Elements," 
J. Phys. Chem. Ref. Data, 1, 279-421 (1972). 


Lanthana-Doped Yttria (0.09La203°0.91Y203) (Melting point ~ 2670 K)! 


Thermal expansion:! 


AL/Lg = -1.71622 x 10°3 + 5.92378 x 10-67 + 1.31095 x 10-9 T2 
(T = 300-2300 K, Ly at 273 K) 
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The average expansion coefficient from 273 K to the indicated temperature is the 
same as the values for undoped yttria to 2 decimal places: 


T (K) 300 400 500 600 #800 £1000 1500 # 2000 
a(10°K) 6.5 6.7 6.9 7.0 7.3 7.5 8.2 8.9 


Thermal conductivity: 


Gibson et al.2 recommend the following equation for lanthana-doped yttria: 
1/conductivity (W/m:K) = 0.128 + 2.07 x 10°4T (T = 300-800 K) 
Tropf and Harris! recommend 


conductivity (W/m:K) = 100.3 7-9-9597 + 1.10 (T = 270-1400 K) 


Specific heat (same as undoped yttria):! 


Heat capacity (Cp, JK"! g-!) = 0.441 + 1.284 x 104T (T = 310-2000 K) 


W. J. Tropf and D. C. Harris, "Mechanical, Thermal and Optical Properties of Yttria 
and Lanthana-Doped Yttria," Proc. SPIE, 1112, 9-19 (1989). 

C. C. Gibson, D. L. Taylor and R. H. Bogaard, Databook on Properties of Selected 
Infrared Window and Dome Materials, High Temperature Materials Information 
Analysis Center Report HTMIAC 27, September 1996. (Available from Defense 
Technical Information Center.) 


Lithium fluoride (LiF 2) (Melting point = 1115 K) 


Thermal expansion (T = 293 to 1100 K, Ly at 293 K):! 


AL/Ly = -0.01035 + 3.424 x 10° 7 + 1.733 x 10-9 T2 + 6.745 x 10°12 73 


Thermal conductivity (W/(m:K)):2 


T (K) 250 300 500 
Conductivity 19 14 7.5 


Specific heat (J K-! g-1):3 


T (K) 300 350 400 450 500 550 ~~ 600 
Specific heat 161 1.71 1.78 1.84 189 1.94 1.98 
T (K) 700 800 900 1000 1100 
Specific heat 2.05 2.11 2.19 2.28 2.39 


Y. S. Touloukian, R. K. Kirby, R. E. Taylor and T. Y. R. Lee, Thermophysical 
Properties of Matter, Vol. 13, Thermal Expansion, IFI/Plenum Press, New York 
(1977). 

W. J. Tropf, M. E. Thomas and T. J. Harris, "Properties of Crystals and Glasses," in 
Handbook of Optics (M. Bass, E. W. van Stryland, D. R. Williams and W. L. 
Wolfe, eds.), Vol. Il, Chap. 33, Table 18, McGraw-Hill, New York (1995). 

Y. S. Touloukian and E. H. Buyco, Thermophysical Properties of Matter, Vol. 5, 
Specific Heat, IFI/Plenum Press, New York (1970). 
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Magnesium fluoride, polycrystalline (MgF2) (Melting point = 1536 K) 


Thermal expansion: ! 


Polycrystalline material (JT = 293 to 1300 K, L, at 293 K): 
AL/L, = -0.00275 + 7.864 x 10°°T + 5.235 x 10°9 T? + 3.107 x 10°13 73 


Single crystal (T = 293 to 900 K, Lp at 293 K): 
AL/Lg lle = -0.00394 + 1.171 x 10° T + 6.383 x 10-9 T2 - 1.433 x 10°12 73 
AL/Lo lla = -0.00243 + 7.439 x 10°°T + 2.042 x 10°9 72 + 2.653 x 10°12 73 


Thermal conductivity:2 


conductivity (W/m:K) = 15.45 - 0.02868 T + 2.728 x 1075 T2 - 8.818 x 10-9 73 
(T in °C from 40-840°C) 


Specific heat (J K-! g-1):3 


T (K) 200 300 400 500 600 700 800 

Specific heat 0.77 1.02 1.21 1.16 1.20 L235 1.25 
T(K) 900 1000 1100 1200 1300 1400 = 1500 
Specific heat 1.27 1.29 1.31 1.33 1.35 1.37 1.38 


1. Y.S. Touloukian, R. K. Kirby, R. E. Taylor and T. Y. R. Lee, Thermophysical 
Properties of Matter, Vol. 13, Thermal Expansion, IFI/Plenum Press, New York 
(1977). 

2. D.M. Bailey, F. W. Calderwood, J. D. Greiner, O. Hunter, Jr., J. F. Smith and R. 
J. Schlitz, Jr., "Reproducibilities of Some Physical Properties of MgF>," J. Am. 
Ceram. Soc., 58, 489-492 (1975). 

3. Y.S. Touloukian and E. H. Buyco, Thermophysical Properties of Matter, Vol. 5, 
Specific Heat, IFI/Plenum Press, New York (1970). 


Sapphire (Al203) (Melting point = 2313 K) 


Thermal expansion:! 


L = length of specimen; L, = length at 273 K; L=L,[1 + a(T-273)] 


a=A+BT - Ce PU-273) T in K from 273 to 2073 K 
C-axiS a-axis 
A 8.026 x 10-6 7.419 x 10-6 
B 8.17 x 10-10 6.43 x 10-10 
C 3.279 x 10-6 3.211 x 10°6 
D 2.91 x 10-3 2.59 x 1073 


hansen equations for the expansion coefficient (a, 10-°/K) from T = 200 to 1000 
K are: 
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alle = -3.312 + 0.05064 T - 8.692 x 10-5 T2 + 7.368 x 10°8 73 - 2.440 x 10-1! 74 
a: Lc = -3.549 + 0.04682 T - 7.586 x 1079 T2 + 5.923 x 10°8 73 - 1.781 x 10-11 74 


Thermal conductivity (W/m’K) parallel to c-axis:> 


T (K) 298 473 573 673 873 1073 = 1273 
Conductivity 36.8 20.6 16.4 14.1 10.8 8.9 7.9 


Bogaard‘ collected thermal conductivity data from several sources and plotted them in 
a graph of thermal resistivity (= 1/conductivity) versus temperature. Bogaard's data 
plus the China Lake data? listed above are plotted below. The China Lake data (open 
circles) diverge from Ref. 5 (open squares) at 1073 and 1273 K. The least-squares fits 
to the total data for each axis are shown in the graph below. 
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c-axis [Ref. 5] 
c-axis [Ref. 6] 
c-axis [Ref. 3] 
S a-axis (Ref. 7] 
S a-axis [Ref. 6] 
g 0.10 
ce 
2 
. 
: 0.05 
25) 
pel 
fa 
a-axis! y=9.4107x 10 x+ 4.0581 x 10°3 
c-axis: y = 1.0826 x 104 x- 1.0641 x 10°3 
0.00 
0 500 1000 1500 
TEMPERATURE (K) 


Specific heat (J K-! g-!):8 


T (K) 50 100 150 200 250 300 350 
Specific heat 0.0148 0.1259 0.3133 0.5014 0.6577 0.7792 0.8721 
T (K) 400 500 600 700 800 900 1000 


Specific heat 0.9429 1.041 1.104 1.147 1.178 1.203 1.223 
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T (K) 1100 1200 1300 81400 ~~ 1500 
Specific heat 1.240 1.255 1.269 1.282 1.294 


R. G. Munro, "Evaluated Material Properties for a Sintered a-Alumina," J. Am. 
Ceram. Soc., 80, 1919-1928 (1997). 

C. C. Gibson, D. L. Taylor and R. H. Bogaard, Databook on Properties of Selected 
Infrared Window and Dome Materials, High Temperature Materials Information 
Analysis Center Report HTMIAC 27, September 1996. (Available from Defense 
Technical Information Center.) 

China Lake data obtained by laser flash method at Holometrix (Bedford, MA) using 
sapphire disks from Crystal Systems (Salem, MA). 

R. H. Bogaard, "Toward a Thermophysical Property Database: Consolidation and 
Updating of Material Property Data Files," Proc. 24th International Thermal 
Conductivity Conf., P. Goal, ed., Technomic Publishers, Lancaster, PA (1998). 

S. P. Howlett, R. Taylor and R. Morrell, "Heat Pulse Thermal Diffusivity 
Measurements on Transparent Materials," in Thermal Conductivity 17, Proc. 17th 
International Thermal Conductivity Conf. (J. G. Hust, ed), pp. 447-457, Plenum 
Press, New York (1983). 

J. H. Koenig, Rutgers University Ceramic Research Station Progress Report 1 
(1953). 

B. Schulz, "High Temperature Thermal Conductivity of Irradiated and Non-Irradiated 
Alpha-Aluminum Oxide," J. Nucl. Mater., 155-157, 348-351 (1988). 

D. G. Archer, "Thermodynamic Properties of Synthetic Sapphire Standard Reference 
Material 720," J. Phys. Chem. Reference Data, 22, 1441-1453 (1993). 


Silicon (Si) (Melting point = 1687 K) 
Thermal expansion (T = 293 to 1600 K, Lg at 293 K):! 
AL/Ly = -0.00071 + 1.887 x 10°°T + 1.934 x 10°9 T2 - 4.544 x 10°13 T3 


Thermal conductivity (W/m:’K) recommended values: 


(Values below 300 K are typical, but actual values are highly sensitive to small 
chemical and physical variations among specimens. Values from 300-1000 K are 
considered accurate to +5% and values from 1000-1685 K are accurate to +10%.) 


T (K) 100 123.3 150 173.2 200 223.2 250 
Conductivity 884 599 409 330 264 225 4191 
T (K) 273.2 298.2 300 323.2 350 373.2 400 
Conductivity 168 149 148 41133 119 108 98.9 
T (K) 473.2 500 573.2 600 673.2 700 773.2 
Conductivity 814 762 65.1 61.9 536 50.8 442 
T.(K) 800 873.2 900 973.2 1000 1073.2 1100 
Conductivity 42.2 374 35.9 32.3 31.2 28.6 279 
T (K) 1173.2 1200 1273.2 1300 1373.2 1400 1473.2 
Conductivity 26.2 25.7 24.7 244 23.7 23.5 22.9 
T (K) 1500 1573.2 1600 1673.2 1685 

Conductivity 22.7 22.3 22.1 22.0 22.0 
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Specific heat (J K-! gly: 


T (K) 50 100 150 200 250 273 373 
Specific heat 0.0787 0.257 0.427 0.556 0.654 0.690 0.770 
T (K) 473 573 673 773 873 973 1073 
Specific heat 0.824 0.847 0.864 0.881 0.897 0.912 0.927 
T (K) 11735-1273 )~— 1373 


Specific heat 0.941 0.958 0.981 


1. Y. S. Touloukian, R. K. Kirby, R. E. Taylor and T. Y. R. Lee, Thermophysical 
Properties of Matter, Vol. 13, Thermal Expansion, IFI/Plenum Press, New York 
(1977). . 

2. C. Y. Ho, R. W. Powell and P. E. Liley, "Thermal Conductivity of the Elements,” 
J. Phys. Chem. Ref. Data, 1, 279-421 (1972). 

3. Y.S. Touloukian and E. H. Buyco, Thermophysical Properties of Matter, Vol. 4, 
Specific Heat, IFI/Plenum Press, New York (1970). 


Spinel (MgAl204) (Melting point = 2408 K) 
Thermal expansion (10-6/K) (T = 100 to 1250 K):! 


a = -0.7549 + 0.01558 T + 6.094 x 10-9 T2 - 2.471 x 10-7 T3 + 3.664 x 10°10 74 
- 2.562 x 10°13 75 + 6.989 x 10°17 76 


Thermal conductivity: 


Based on data from Refs. 2 and 3, Gibson et al.! recommend the following equation: 
1/conductivity (W/m:K) = 0.03790 + 1.037 x 104 T (T = 300-1500 K) 


Specific heat (J K-! g-!): 


T (K) 295 
Specific heat? —- 0.879 
T (K) 294 «811 ~=Ss«1089s «1366S «1644~—Ss «1922 


Specific heat* 0.92 115 127 1.39 4147 ~~ 1.55 


1. C.C, Gibson, D. L. Taylor and R. H. Bogaard, Databook on Properties of Selected 
Infrared Window and Dome Materials, High Temperature Materials Information 
Analysis Center Report HTMIAC 27, September 1996. (Available from Defense 
Technical Information Center.) 

2. R. L. Gentilman, “Current and Emerging Materials for 3-5 Micron IR 
Transmission," Proc. SPIE, 783, 2-11 (1986). 

3. D. W. Roy and G.-C. Martin, Jr., "Advances in Spinel Optical Quality, Size and 
Shape Capability and Applications," Proc. SPIE, 1760, 2-13 (1992). 

4. J. R. Koenig, Thermostructural Evaluation of Four Infrared Seeker Dome Materials, 
Naval Weapons Center Report TP 6539, Part 2, China Lake, CA, April 1985. 
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Yttria (Y203) (Melting point = 2710 K)! 
Thermal expansion:! 


AL/Ly = -1.69277 x 10-3 + 5.83245 x 10°°T + 1.33104 x 10-9 T2 
(T = 300-2300 K, L, = length at 273 K) 
The average expansion coefficient from 273 K to the indicated temperature is 


T (K) 300 400 500 600 #800 #1000 1500 # 2000 
a (10°9/K) 6.5 6.7 6.9 7.0 7.3 7.5 8.2 8.9 


Thermal conductivity: 


Gibson et al. recommend 


1/conductivity (W/m:K) = 0.0041 + 2.43 x 104T (T = 300-800 K) 


Tropf and Harris! recommend 


conductivity (W/m:K) = 85660 T-!.577 + 2.86 (T = 270-1800 K) 
Specific heat:! 
Heat capacity (Cp, J K-! g"!) = 0.441 + 1.284x 1047 (T = 310-2000 K) 
1. W.J. Tropf and D. C. Harris, "Mechanical, Thermal and Optical Properties of Yttria 
and Lanthana-Doped Yttria," Proc. SPIE, 1112, 9-19 (1989). 
2. C.C. Gibson, D. L. Taylor and R. H. Bogaard, Databook on Properties of Selected 
Infrared Window and Dome Materials, High Temperature Materials Information 


Analysis Center Report HTMIAC 27, September 1996. (Available from Defense 
Technical Information Center.) 


Zinc selenide (ZnSe) (Melting point = 1790 K) 
Thermal expansion (a, 10-°/K) (T = 200 to 800 K):! 


a = 1.007 + 0.04022 T - 9.192 x 10-5 T2 + 1.126 x 10°8 T3 - 4.956 x 10-11 74 


Thermal conductivity: 
Based on data from Refs. 2-5, Gibson et al.! recommend the following equation: 


1/conductivity (W/m°K) = 0.0051 + 2.07 x 104 T (T = 150-450 K) 


Specific heat (J K-1 g~!):6 


T (K) 294 §33 Sil 1089 1255 
Specific heat _ 0.33 0.38 0.44 0.51 0.54 
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1. C.C. Gibson, D. L. Taylor and R. H. Bogaard, Databook on Properties of Selected 
Infrared Window and Dome Materials, High Temperature Materials Information 
Analysis Center Report HTMIAC 27, September 1996. (Available from Defense 
Technical Information Center.) 

2. G.A. Slack, "Thermal Conductivity of II-VI Compounds and Phonon Scattering by 
Iron(2+) Impurities," Phys. Rev. B, 6, 3791-3800 (1972). 

3. €.J. Johnson and F. J. Kramer, Optics Catalog, II-VI, Inc., Saxonburg, PA (1994). 

4. C.A. Klein, Compendium of Property Data for Raytran Zinc Selenide and Raytran 
Zinc Sulfide, Raytheon Report RAY/RD/T-1154, August 1987. 

5. J.C. Wurst and T. P. Graham, Thermal, Electrical, and Physical Measurements of 
Laser Window Materials, U.S. Air Force Report AFML-TR-75-28 (1975). 

6. J.R. Koenig, Thermostructural Evaluation of Four Infrared Seeker Dome Materials, 
Naval Weapons Center Report TP 6539, Part 2, China Lake, CA, April 1985. 


Zinc sulfide (ZnS) (Melting point = 1973 K; cubic — hexagonal phase change at 
1293 K) 


Thermal expansion (a, 10-5/K) (T = 300 to 1200 K):! 
G@ = 3.469 + 0.01737 T - 2.553 x 10°75 T2 + 2.015 x 10°8 73 - 5.816 x 10°12 74 


Thermal conductivity:2 


Based on data from Refs. 2-4, Gibson et al.! recommend the following equation for 
standard grade zinc sulfide: 


I/conductivity (W/mK) = 0.0156 + 1.44 x 10-4 T (T = 150-1200 K) 


Specific heat (J K-! g-1):9 


T (K) 294 533 811 1089 =1255 
Specific heat 0.481 0.502 0.523 0.544 0.565 


1. C.C. Gibson, D. L. Taylor and R. H. Bogaard, Databook on Properties of Selected 
Infrared Window and Dome Materials, High Temperature Materials Information 
Analysis Center Report HTMIAC 27, September 1996. (Available from Defense 
Technical Information Center.) 

2. G.G. Gadzhiev and G. N. Dronova, "Thermal Conductivity of Polycrystalline Zinc 
Sulfide," Izv. Akad. Nauk SSSR, Neorg. Mater., 19, 1087-1089 (1983). 

3. G.A. Slack, "Thermal Conductivity of II-VI Compounds and Phonon Scattering by 
Iron(2+) Impurities," Phys. Rev. B, 6, 3791-3800 (1972). 

4. C.J. Johnson and F. J. Kramer, Optics Catalog, II-VI, Inc., Saxonburg, PA (1994). 

5. J. R. Koenig, Thermostructural Evaluation of Four Infrared Seeker Dome Materials, 
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INDEX 


Abrasion test, 202 
Abrasive, 181 
Abrasive liquid jet 
machining, 332 
Absolute damage threshold 
velocity (ADTV), 239 
Absorptance, 13, 14, 30 
coating, 203 
Absorption 
extrinsic, 30 
free carrier, 46-47 
surface, 13 
wavelength effect, 30 
Absorption coefficient, 13, 
14, App. C 
general behavior, 28-30 
measuring, 36-39 
relation to k, 27 
silicon, 49 
surface, 39 
temperature effect, 49 
Acetylene torch reactor, 308 
Acoustic impedance, 256 
Acoustic mode, 51, 52 
Acoustic wave, 129 
Adhesion test, 202 
Adhesive for cladding, 256- 
257, 266-267 
ADTV, 239 
Aero-optic distortion, 144 
Aerodisk, 145, 146 
Aerodynamic dome, 144-145 
Aerodynamic effect on rain 
erosion, 241-243 
Aerospike, 145, 146 
Agglomerate, 156 
Air, heat capacity, 141 
(see also atmosphere) 
Aircraft window reliability, 
298 
Airstream characteristics, 
112, 142 
Airy disk, 63 
ALON, App. C, App. G 
bulletproof window, 159 
coated, 207 
density, 114 
dn/dT, 60, App. C 
elastic constants, 378, 
380 
emittance, 41 
expansion, 128 
fabrication, 158 
fract. toughness, 118, 207 
fundamental freq., 54 


hardness, 117 
heat capacity, 128 
microwave absorption, 78 
microwave properties, 80, 
81 
modulus, 135 
MTF, 70 
nylon bead impact, 240 
Poisson ratio, 135 
refractive index, 17 
sand erosion, 247 
strength, 105, 135 
temp./emission, 44 
thermal conduct., 128 
thermal properties, 392 
thermal shock, 135 
transmission spectrum, 31 
transmission window, 56 
transmittance, 24 
upper temperature, 148 
uv-visible transmis., 34 
wind tunnel test, 139 
Altitude effect on atmosphere 
properties, 142 
Alumina 
antireflection coat, 197 
coating, 207 
grain size/strength, 120 
microwave properties, 81 
refractive index, 17 
scatter, 68 
static fatigue, 299-300 
Aluminum fluoride, 197 
Aluminum gallium 
phosphide, 264 
Aluminum nitride, App. C 
absorption spectrum, 54 
antireflection coat, 197 
density, 114 
expansion, 128 
fundamentals, 54 
heat capacity, 128 
modulus, 135 
Poisson ratio, 135 
refractive index, 17 
strength, 135 
thermal conduct., 128, 132 
thermal shock, 135 
Aluminum oxynitride (see 


Amorphic diamond, 258, 259 
Amorphous material, 151 
AMTIR, 150, App. C 
density, 114 
elastic constants, 380 
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expansion, 128 
heat capacity, 128 
identification, 18 
refractive index, 17 
thermal conduct., 128 
Angle of incidence, 15 
effect in erosion, 249-252 
Angle of refraction, 15 
Angstrom, 345 
Anisotropic material, 19 
Annealing, 160, 162-163 
effect on strength, 187 
Antireflection coat, 24, 195 
microwave, 200-201 
moth eye, 199 
Sand erosion, 247 
Apatite hardness, 116 
Aperture, 64 
Arc jet reactor, 308 
Area, effect on strength, 103, 
106-107 
Arsenic (tri)selenide, 197 
Arsenic (tri)sulfide, 150, 
App. C 
coating material, 197 
rain damage threshold, 230 
transmission window, 56 
Atmosphere, 3 
density, 142 
heat capacity, 141 
pressure, 142 
pressure unit, 345 
speed of sound, 142 
temperature, 142 
transmission, 7 
viscosity, 142 
Attenuation coefficient, 7, 8 
Avogadro's number, 344 


Ball-on-ring flexure test, 104 
Band gap, 46 
Bar, 345 
Barium fluoride, App. C 
coating material, 197 
density, 114 
elastic constants, 378 
hardness, 117 
refractive index, 17 
Strength, 105 
transmission window, 57 
Barium gallo-germanate, 154 
Bending test, 89-94 
Berkovich indentor, 115 
Beryllium oxide, App. C 
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microwave properties, 81 
refractive index, 17 
BGGO glass, 154 
Biaxial modulus, 206 
Bidirectional transmittance 
distribution function 
(BTDF), 66 
Binder, 156 
Biot number, 132-134 
Birefringence, 19, 20 
BK-7 glass, 18, 298 
elastic constants, 380 
fract. toughness, 118 
sand erosion, 244 
Blackbody, 3 
Blackbody photon flux, 73 
Bohr magneton, 344 
Boltzmann's const., 4, 344 
Borax, 187 
Boron carbide hardness, 116 
Boron nitride, App. C 
hardness, 116 
microwave properties, 80 
Boron phosphide, App. C 
coating, 259-264 
elastic constants, 378 
expansion, 128 
heat capacity, 128 
MIJA threshold, 261 
refractive index, 17 
sand erosion, 260 
thermal conduct., 128 
transmission, 260, 261 
Boundary, grain, 21, 96, 
151-152 
Bow shock wave, 145, 146 
Braze, 266 
Bridgman growth, 170 
British thermal unit, 345 
Brittle behavior, 85 
BS37A, 18 
BS39B, 18, 380 
BTDF, 66 
BTU, 345 
Bug impact damage, 217 
Bulk absorption, 323-324 
Bulk modulus, 87, 88, 381 
Bulletproof window, 159 
Buried crack, 254 
Buried mesh, 212 
Burnout, 156 


Cadmium sulfide, App. C 
density, 114 
refractive index, 17 
transmission window, 57 
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Cadmium telluride 
elastic constants, 378 
transmission window, 57 
Calcite, 19, 20, 116 
Calcium aluminate, 18, 150, 
154, App. C 
density, 114 
expansion, 128 
heat capacity, 128 
microwave properties, 80 
sand erosion, 247 
thermal conduct., 128 


transmission spectrum, 31° 


transmission window, 56 
Calcium carbonate (calcite), 
20 
Calcium fluoride, App. C & D 
elastic constants, 378 
expansion, 128 
hardness, 117 
heat capacity, 128 
microwave eé/tand, 80 
modulus, 135 
Poisson ratio, 135 
polishing, 181 
refractive index, 17 
strength, 105, 135, 185 
thermal conduct., 128, 130 
thermal properties, 392 
thermal shock, 135 
transmission, 32, 34 
transmission window, 56 
Calcium lanthanum sulfide, 
App. C 
density, 114 
elastic constants, 378 
MIJA threshold, 239 
sand erosion, 246 
Calorie, 345 
Calorimetry, 37 
Cannon projectile, 113 
Cantilever beam specimen, 
286 
Carat, 305 
Carbon dioxide, absorption 
bands, 3 
Cellophane tape test, 202 
Ceramic failure, 94-96 
Ceria antireflection coat, 197 
Cesium bromide, App. C 
density, 114 
expansion, 128 
hardness, 117 
heat capacity, 128 
refractive index, 17 
thermal conduct., 128 
transmission window, 56 


Cesium iodide 
elastic constants, 378 
expansion, 128 
grain size/strength, 120 
heat capacity, 128 
strength, 105 
thermal conduct., 128 
transmission window, 56 
C-H absorption, 326-327 
Chalcogenide, 266 
Chalcogenide glass, 150 
Chamfer, 92, 94 
Chemical etching, 187 
Chemical vapor deposition, 
163ff, 306-309 
Chemo-mechanical 
polishing, 181 
Circular window design, 109- 
110 
Cladding, 255, 266-269 
Clamped window, 109 
Cleartran, 59, 96-97 
Closed porosity, 156 
Cloth, polyethylene, 189 
Coating 
absorptance, 203 
aluminum gallium 
phosphide, 264 
antireflection, 195 
boron phosphide, 259 
claddings, 266 
compliant, 255 
conductive, 207-212 
DAR, 264 
deflection, 205-207 
diamond, 270 
diamond-like carbon, 258 
durability, 202 
emittance, 202-203 
erosion protection, 252- 
273 
gallium phosphide, 261 
germanium-carbon, 258 
graded index, 198-199 
mechanism of protection, 
252-257 
moth eye, 199 
optical constants, 202 
oxidation resistant, 335 
polymer, 268 
REP, 248, 264 
roughness, 202 
sand erosion, 247 
silicon, 266 
strengthening, 255 
stress, 205-207 
thickness/erosion, 253 


Index 


thickness measurement, 
201-202 
Coblentz sphere, 65 
Coefficient of thermal 
expansion, 126 
Cold isostatic pressing, 156 
Colloidal silica, 181 
Color, 2 
Columnar growth, 310 
Combination band, 51 
Combined effects (sand and 
rain erosion), 248 
Comparative erosion testing, 
250-252 
Compax, 305 
Complex refractive index, 27 
Compliance coefficients, 
376, 378 
Compliant adhesive, 256- 
257 
Compliant coating, 255 
Compression wave, 222 
Conduction band, 46 
Conductive coating, 207-212 
Conductive mesh, 212 
Conductivity 
electrical, 209 
thermal, 128-132 
Cone of acceptance, 16 
Contact diameter, 224 
Conversion factors, 345 
Cooling channel, 74 
Copper, 130, 319, 327 
Core drilling, 188 
Corning 0160 dome, 215 
Corning 9754 glass, 18 
density, 114 
elastic constants, 380 
expansion, 128 
heat capacity, 128 
thermal conduct., 128 
Corundum (see sapphire) 
Cosmic ray, 2 
Cost of fabrication, 155 
Crack, buried, 254 
Crack growth, 98, 217, 285- 
290 
Critical angle, 16 
Critical flaw, 95-98 
Critical stress intensity, 118 
Cryolite, 202 
Crystal, 150-151 
CTE, 126 
Cubic material, 20 
Curvature, 183 
Cutoff frequency, 70 
Czochralski growth, 170, 
171 


Damage parameter, rain 
impact, 227, 228 
Damage threshold velocity 

224-232 
diamond, 332 
diamond coatings, 270 
dropsize effect, 226 
equation, 227 
DAR coating, 248, 260, 264- 
266 
dB (decibel), 7 
DC torch reactor, 307 
Deagglomeration, 156 
Decibel, 7, 209 
Decomposition, 147 
Deflection, 
bend bar test, 91 
coating, 205-207 
disk flexure test, 93 
Denier, 189 
Density 
atmosphere, 142 
window materials, 114 
Design of window/dome, 
109-113 
Design safety factor, 101- 
103, 109-110 
DI-100/200, 80 
Diamond, 303-336, App. C, 
App. D 
abrasive liquid jet 
machining, 332 
absorption coefficient, 14, 
39, 322-325 
acetylene torch, 308 
antireflection coat, 197, 
199, 329 
arc jet, 308 
atom density, 304 
boron, 304-305, 336 
CH absorption, 326-327 
chemical vapor 
deposition, 306-309 
coating, 270-273, 303 
color, 304 
commercial grades, 321 
critical flaw size, 317 
crystal structure, 304 
cutting tools, 305, 312 
damage threshold, 333 
de torch, 307 
density, 114, 320 
dielectric constant, 311 
dielectric properties, 328- 
329 
dissolution in hot metals, 
331-332 
dn/dP, 327 
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dn/dT, 60, 327-328, 
App. C 

dome, 330, 331 

elastic constants, 313, 
378, 380 

electrochemical 
machining, 332 

emittance, 323, 325 

erosion, 332-334 

expansion, 128, 311, 
317-318 

flaws, 316 

fract. toughness, 118, 313 

graphitization, 305 

growth rate, 306, 308 

growth stress, 317 

hardness, 116, 311, 312 

heat capacity, 128, 320 

hot filament, 307 

hydrogen, 327 

ion beam shaping, 332 

isotope effect, 320 

laser machining, 331 

laser window, 330 

loss tangent, 311, 329 

mechanical grade, 321 

mechanical strength, 313- 
315 

metal-induced nucleation, 
308 

microstructure, 309, 310, 
311 

microwave properties, 80, 
81, 328-329 

MIJA threshold, 239 

MTF, 331 

modulus, 135, 311, 313 

moth eye, 199 

multiphonon absorption, 
58 

nitrogen, 304-305 

nucleation, 309 

optical absorption, 322- 
325 

optical constants, 28 

optical grade, 321 

oxidation, 334-336 

patent, 309 

phase diagram, 305 

Poisson ratio, 135, 311 

polishing, 330-332 

polycrystalline, 305 

preferential growth 
orientation, 309 

rain damage threshold, 228 

rear surface erosion failure, 
332-333 

reflectance, 325 
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Diamond, continued 
refractive index, 17, 327- 
328 
release layer, 309 
resistivity, 304-305 
sand erosion, 246, 247, 
248, 272-273, 312, 334 
scatter, 325-326 
spontaneous fracture, 317 
sputtered interlayer, 308 
strength, 105, 311 
substrates, 307, 308 
surface absorption, 14, 
323-324 
surfaces, 309-311 
temperature effect on 
absorption, 324-325 
thermal conductivity, 128, 
311, 318-320, 393 
thermal expansion, 128, 
311, 317-318 
thermal grade, 321 
thermal shock, 135, 311 
thermo-optic distortion, 
330 
transmis. window, 56, 321 
types, 304 
ultraviolet absorp., 326 
window, 303, 329-336 
ZnS composite, 165-167 
Diamond-like carbon (DLC), 
197, 258, 259 
Diamond turning, 181-182 
Dielectric constant, 44, 77 
Diffraction, 63 
Diffraction limited, 63 
Diffuse reflection, 22 
Diffusivity, thermal, 129 
Dig, 180 
Dilatational wave, 222 
Dilational wave, 222 
Dimpling, 185 
Dipole moment, 57 
Dispersant, 156 
Dispersion, 18, App. C 
Dispersion, normal, 29, 30 
DLC (see diamondlike 
carbon), 
dn/dP, 18 
dn/dT, 18, 25-26, 60 
Dome 
aerodynamic, 144-145 
blank, 157 
core drilled, 188 
diamond, 330, 331 
design, 111-113 
missile, 1, 136 
near-net-shape, 175 
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pyramidal, 145 
rain erosion, 215 
scatter, 66 
scooping, 174, 175 
strength, 188 
stress, 136 
temperature, 136 
thermal shock, 138, 139 
thermal stress, 138-139 
thickness, 141 
Double cantilever specimen, 
286 
DROPS computer code, 243 
Dropsize effect on damage 
threshold, 226 
Dual threshold, erosion, 263 
Ductile behavior, 85 
Duroid, 80 
Dust, 6-11 
Dynamic fatigue, 281 
Dyne, 345 


Effective area, 104, 384 
Effective volume, 384 
EFG method, 176 
Elastic behavior, 85 
Elastic constants, 84-88, 
App. E 
Elastic limit, 105 
Electrochemical machining, 
332 
Electron magnetic moment, 
344 
Electron mass, 344 
Electron volt, 326, 345 
Electronic transitions, 29 
Elemental zinc sulfide, 59, 
165-166 
Elementary charge, 344 
Emissivity, 39-42 
Emittance, 4, 39, 71 
coating, 202-203, 263 
Energy of light, 2 
Engineering strain, 375 
Equibiaxial flexure test, 92- 
94, 95 
Equivalent drop size, 
waterjet, 236-237 
Eraser test, 202 
Erg, 345 
Erosion, 215-273 
angle incidence, 249-252 
comparative, 250-252. 
diamond, 332-334 
moth eye, 333 
solid particle, 243-248 
window lifetime, 298 


Etalon, 25-26 

Etching, 187 

Exitance, 4-6, 372 

Expansion coeff., 126, 391 

Exploding wire, 240 

External transmittance, 13 

Extinction coefficient, 27, 
168, 322 

Extraordinary direction, 19 

Extrinsic property, 30 


F number, 63, 70 
Fabrication, polycrystalline 
material, 155-158 

Factorial function, 386 

Faraday constant, 344 

Fatigue, 299-300 

Feldspar hardness, 116 

Fiber, 16 

Fiber strength, sapphire, 177 

Figure of merit, thermal 
shock, 132, 135, 137, 
140 

Filter, Rugate, 203-204 

Finish, effect on strength, 
183-188 

Finishing, 177-188 

Flame fusion, 172 

Flame polishing, 187 

Flat plate transmittance and 
reflectance, 23, 24 

Flatness, 182 

Flaw size, 119 

Flexure specimen, 385 

Flexure strength, 89 

Flexure test, 89-94 

FLIR grade ZnS, 164 

Float polishing, 181 

Float zone method, 171-172 

Fluoride glass, 150 

Fluorite, 116 

Fluorocarbon polymer 
antireflection coat, 197 

Fog, 6-11 

Foot-pound, 345 

Force constant, 50 

Four-point flexure test, 90 

Fractography, 95 

Fracture mirror, 94 

Fracture modes, 118 

Fracture strength rain 
damage, 225, 227 

Fracture toughness, 118 

effect on strength, 119 
rain damage threshold, 

227, 228 


Index 


Free carrier absorption, 46- 
47 
Free spectral range, 26 
Free-stream pressure, 111 
Frequency, 2 
spatial, 31 
Frequency doubling, 76-77 
Fringe, 183, 201-202 
Fundamental transition, 51 
Fused silica, App. C 
density, 114 
dn/aT, 60, App. C 
elastic constants, 380 
expansion, 128 
fract. toughness, 118 
hardness, 117 
heat capacity, 128 
ice particle erosion, 243 
microwave properties, 81 
modulus, 87, 135 
Poisson ratio, 135 
refractive index, 17 
strength, 105, 135 
thermal conduct., 128, 130 
thermal shock, 135 
transmission spectrum, 31 
transmission window, 56 
uv-visible transmis., 34 


Gallium arsenide, App. C, 
App. D 

2-color properties, 59 
absorption coeff., 211 
antireflection coat, 197 
band gap, 46 
carrier concentration, 47 
conductive, 211 
crystal growth, 170 
density, 114 
diamond turning, 182 
dn/daT, 60, App. C 
elastic constants, 378 
expansion, 128 
fracture toughness, 118 
hardness, 117 
heat capacity, 128 
microwave e/tand, 80 
modulus, 135 
Poisson ratio, 135 
rain impact, 221 
refractive index, 17 
rf transmission, 211 
strength, 105, 135 
temperature limit, 46 
temp./transmission, 48 
thermal conduct., 128 
thermal expansion, 318 


thermal properties, 394 
thermal shock, 135 
transmission spectrum, 33 
transmission window, 56 
transmittance, 24 
uv-visible transmis., 34 
window, 171 
Gallium nitride, 17, App. C 
Gallium phosphide, App. C, 
App. G 
2-color properties, 59 
3-phonon region, 53 
antireflection coat, 197 
band gap, 46 
catfrier conc., 47 
coating, 260-264 
crystal growth, 171 
density, 114 
deposition, 163 
dn/dT, 27, 60, App. C 
elastic constants, 378 
expansion, 128 
fracture toughness, 118 
hardness, 117 
heat capacity, 128 
modulus, 135 
MTF, 71 
Poisson ratio, 135 
rain damage threshold, 228 
refractive index, 17, 27 
strength, 105, 109, 135 
temp./absorption, 49 
temperature limit, 46 
temp./strength, 109 
thermal conduct., 128 
thermal expansion, 318 
thermal properties, 394 
thermal shock, 135 
transmis. spectrum, 33, 53 
transmission window, 56 
transmittance, 24 
uv-visible transmis., 34 
ZnS composite, 167 
Gamma function, 386 
Gamma ray, 2 
Gas constant, 344 
Geology hardness scale, 116 
Germanate glass, 139, 150, 
230, App. C 
Germaniuim, App. C, App. G 
2-color properties, 58 
absorption coeff., 211 
antireflection coat, 197 
band gap, 46 
carrier concentration, 47 
coated, 207 
conductive, 211 
crystal growth, 171 
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damage threshold, 259 
density, 114 
diamond turning, 182 
dn/dT, 60, App. C 
elastic constants, 378 
expansion, 128 
fract. toughness, 118, 207 
hardness, 117 
heat capacity, 128 
illumination effect, 47, 50 
MIJA threshold, 239 
modulus, 135 
Poisson ratio, 135 
polycrystalline, 171 
rain damage threshold, 
228, 230, 235 
reflectance, 23-24 
refractive index, 17 
sand erosion, 244-247 
Strength, 105, 135 
temperature limit, 46 
temp./transmission, 48 
thermal conduct., 128 
thermal expansion, 318 
thermal properties, 395 
thermal shock, 135 
transmission spectrum, 33 
transmis. vs temp., 47 
transmission window, 56 
transmittance, 24 
uv-visible transmis., 34 
Germanium-carbon coating, 
258, 259 
Glass, 21, 150-153 
BGGO, 154 
coated, 207 
fract. toughness, 207 
rain damage threshold, 226 
reflectance, 23-24 
scatter, 66 
slow crack growth, 287 
thermal conductivity, 130 
Glass-ceramic, 153-154 
Graded-index coat, 198-199 
Gradient solidification, 175 
Grain boundary, 21, 96, 151- 
152 
Grain growth, 157, 159, 160 
Grain size, strength effect, 
119, 314 
Graphite, 161, 304 
Graphitization, 305 
Gravitational acceleration, 
344 
Gravitational constant, 344 
GRC rain test facility, 240 
Green body, 156 
Griffith strength relation, 97 
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Grinding, 181 

Grinding damage, 184-188 
Grocery scanner window, 176 
Ground state, 51 

Growth stress, 317 

Gypsum hardness, 116 


Hafnia coating, 197 

Half-penny crack, 114 

Hard carbon coating, 258 

Hardening, 117 

Hardness, 114, 121 

Harmonic oscillator, 50 

Hasselman figure of merit, 
133, 134ff 

Heat capacity, 127, App. G 

air, 141 

Heat exchanger method, 173 

Heat flux, 128, 141 

Heat-seeking missile, 1 

Heat transfer coefficient, 45, 
133, 141] 

Heat transfer, radiant, 130 

Hemispheric emissivity, 40 

HIP, 157 

Hoop stress, 92-93 

Horsepower, 345 

Hot filament reactor, 307 

Hot forging, 177, 178 

Hot isostatic pressing, 157, 
161 

Hot pressing, 161 

Hot window effects, 71-76 

Humidity, 9 

Humidity, effect on crack 
growth, 287-290 

Humidity test, 202 

Hydride, 164 

Hydrogen selenide, 163 

Hydrogen sulfide, 163 

Hydrometeor raindrop test 
facility, 240 


Ice 
birefringence, 19 
erosion, 243 
Illumination effect on Ge 
transmission, 50 
Impedance, acoustic, 256 
Impurity absorption, 29 
In-line transmittance, 13 
Inch, 345 
Indentor, 115 
Index of refraction (see 
refractive index) 
Indium phosphide, 56 
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Infrared-guided missile, 1 
Infrared radiation, 1, 2 
long wave, 2, 3 
midwave, 2, 3 
Infrared seeker, 1 
Infrared/visible window, 29 
Insect impact damage, 217 
Interband absorption, 46 
Interference fringe, 25-26, 
201-202 
Interferometry, 182 
Internal transmittance, 12, 
13, 77 
Intraband absorption, 46 
Intrinsic property, 30 
Ion beam shaping, 332 
IRBAS, 80 
IRG-11, 18, 380 
IRG100 
expansion, 128 
thermal conductivity, 128 
transmission window, 56 
Irradiance, 67, 372 
Irtran, 18, 150 
Irtran-1, 34, 40 
Irtran-2, 40 
Isostatic pressing, 156 
Isotropic material, 19, 381 
Isotropic solid, 87 


Jet engine, 5 
Joule, 345 


k (optical constant), 27 
Kj;,, 118 
Kilogram, 345 
Klein figure of merit, 140 
Knoop hardness, 115, 116 
Knoop indentor, 115 
KRS-5, 18, App. C 
density, 114 
elastic constants, 378 
expansion, 128 
hardness, 117 
strength, 105 
thermal conductivity, 128 
transmission window, 57 
KRS-6, 18 
Ksi, 85, 345 


LA, 51 
Lambertian radiator, 373 
Lanthana-doped yttria, 88, 


PP- 
annealing, 162-163 


density, 114 
elastic constants, 380 
expansion, 128 
fabrication, 159-161 
fract. toughness, 119, 161 
grain size/strength, 120 
hardness, 117 
heat capacity, 127, 128 
hydroxyl removal, 162 
microwave properties, 80 
modulus, 135 
nylon bead impact, 240 
phases, 159 
Poisson ratio, 135 
sintering, 159-160 
strength, 105, 108, 135 
thermal conduct., 128, 131 
thermal properties, 395 
thermal shock, 135 
transmission spectrum, 31 
transmission window, 56 
uv-visible transmis., 35 
wind tunnel test, 139 
Lanthanum fluoride, 197 
LANTIRN window, 217, 231 
Lapping, 181 
Laser calorimetry, 37 
Laser flash method, 131 
Laser machining, 331 
Laser rod, 13 
Laser window, 198, 330 
Lateral crack, 244 
Lateral outflow jetting, 223 
Lattice vibrations, 29 
Lead fluoride 
antireflection coat, 197 
hardness, 117 
stress in coating, 205 
transmission window, 57 
Lead sulfide, 117 
Lead telluride, 117 
Light, 2, 15 
Linear elastic behavior, 376 
Liter, 345 
Lithium fluoride, App. C 
density, 114 
dn/dT, 60, App. C 
elastic constants, 378 
expansion, 128 
heat capacity, 128 
refractive index, 17 
Sintering aid, 121 
strength, 105 
thermal conductivity, 128 
thermal properties, 396 
transmission spectrum, 32 
transmission window, 56 
uv-vis transmis., 34, 35 


Index 


Lithography, 212, 273 

LO, 51 

Long wave window, 2, 3 

Longitudinal vibration, 51, 
52 

Longitudinal wave, 222, 230 

Loss tangent, 44, 77 

Lucite, 233 


Mach-altitude limit, 141 
Mach number, 45, 112 
Machining, 181 
Magnesium fluoride, 1, 
App. C 
antireflection coat, 197 
birefringence, 19 
coating, 202 
density, 114 
diamond turning, 182 
dn/dT, 60, App. C 
elastic constants, 380 
emittance, 40 
expansion, 128 
fabrication, 87 
hardness, 117 
heat capacity, 128 
microwave absorption, 78 
microwave properties, 80 
MIJA threshold, 239 
modulus, 135 
Poisson ratio, 135 
rain damage threshold, 
224, 228, 230, 232 
refractive index, 17 
sand erosion, 247 
scatter, 66 
strength, 105-107, 135, 
187 
stress in coating, 205 
thermal conductivity, 128 
thermal properties, 397 
thermal shock, 135 
transmis. spectrum, 31, 32 
transmission window, 56 
transmittance, 24 
uv-visible transmis., 34 
Magnesium oxide, App. C 
antireflection coat, 197 
density, 114 
elastic constants, 378 
expansion, 128 
grain size/strength, 120 
hardness, 117 
heat capacity, 128 
microwave properties, 81 
modulus, 135 
Poisson ratio, 135 


refractive index, 17 
strength, 135 
thermal conductivity, 128 
thermal shock, 135 
thermo-optic distortion, 
330 
transmission window, 56 
uv-visible transmis., 35 
Magnetic permeability, 209 
Magnetorheological 
finishing, 181 
Marshall-Palmer 
distribution, 218 
Mass loss 
heating ZnS, 147 
rain erosion, 231-232 
Mean free path, phonon, 129 
Mean strength, 386-390 
Mechanical properties, 84- 
12] 
Mechanical strength 
grain size effect, 314 
rain damage, 225, 227 
Median crack, 114 
Mesh, 212 
Metal-induced nucleation of 
diamond, 308 
Meter, 345 
Methyl radical, 306 
Microstructure, 92 
Microwave, 2 
plasma reactor, 306 
shielding, 207-212 
transmission, 44ff, 77-81 
window, 2, 3 
Mie scattering, 68 
MIJA, 237-239 
damage threshold, 259 
MIL-0-13830, 180 
MIL-F-48616, 180 
Milling, 156 
Missile, 1 
Missile dome erosion, 215 
mm Hg, 345 
Modes of fracture, 118 
Modulation, 69 
Modulation transfer function, 
68-71, 231 331 
Modulus, 85 
biaxial, 206 
erosion protection, 253 
rupture, 88 
Weibull, 99 
Mohs hardness, 116 
MOR, 8&8 
Moth-eye, 190-191, 199 
erosion, 333 
MPa (megapascal), 345 
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MRF finishing, 181 

MIF, 68-71 

Multiphonon absorption, 29 

Multiphonon region, 30 

Multiple-impact jet apparatus 
(MIJA), 237-239 

Multispectral zinc sulfide, 
34, 53, 164-166, 247 


Natural rain, 218 

Nd:YAG laser rod, 13 

Near-net-shape dome, 175, 
176 

Neodymium fluoride, 197 

Newton, 345 

Niobium release layer, 309 

Nitroxyceram, 80 

Normal dispersion, 29, 30 

Nylon bead, 240 


Ohms per square, 208 

Optical axis, 19 

Optical brazing, 270-272 

Optical constants, 27, 231, 
App. C 

Optical fiber, 16 

Optical figure, 178 

Optical finishing, 177-188 

Optical flat, 182 

Optical mode, 51, 52 

Optical pathlength, 75, 76 

Optical polish, 96 

Optical properties, 12ff, 
63ff, App. C 

Optical scatter, 20, 21 

OPTIMATR, 40, 41, 44 

Ordinary direction, 19 

Organic composite radome, 
80 

Overtone, 51 

Oxidation, 147, 334-335 

protection, 265 
Oxygen deficiency, 156 
Ozone, 3 


Pascal, 85, 345 
Pathlength, 7 

Periodic table, 55 
Permeability of space, 344 
Permittivity of space, 344 
Petch equation, 120, 178 
Phonon, 30, 51, 129, 320 
Photon, 2 

Photon flux, blackbody, 73 
Photon noise, 71 
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Physical constants, 344 
Pi, 344 
Pinhole, 158 
Planck distribution, 4, 73 
Planck's constant, 2, 344 
Plastic deformation, 87, 114 
Plexiglass, 233 
PMMA, 233 
Poisson's ratio, 86, 380, 381 
Polarizability, 11 
Polarization, 20 
Polish, 158 
Polishing, 181-183 
diamond, 330-332 
Polishing damage, 184-188 
Poly(methylmethacrylate) 
(PMMA), 233 
Polycrystalline material, 20, 
21, 150-152, 155ff 
diamond, 305 
Polyethylene, 189-191 
Polymer adhesive, 256-257, 
266-267 
Polymer cladding, 268-269 
Polymer window, 189-191 
Pore, effect on scatter, 68 
Potassium bromide, App. C 
density, 114 
elastic constants, 378 
expansion, 128 
hardness, 117 
heat capacity, 128 
strength, 105 
thermal conductivity, 128 
transmission window, 57 
Potassium chloride 
bulk absorption, 13 
expansion, 128 
hardness, 117 
heat capacity, 128 
hot forging, 178 
strength, 105 
surface absorption, 13 
thermal conductivity, 128 
Potassium iodide, 57 
Potential well, 50 
Pound, 345 | 
Powder processing, 155ff 
Power, radiant, 12 
Pressing, isostatic, 156 
Pressure 
acceleration, 113 
atmosphere, 142 
dome, 111 
free-stream, 111 
rain impact, 223-224 
refractive index, 18, App. C 
stagnation, 111, 112 
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Prism, 27 
Probability of failure, 99 
Profiler, 179 
Projectile, cannon-launched, 
113 
Proof test, 106, 113, 280- 
298 
space shuttle window, 295- 
298 
theory, 290-295 
Protective coating, 252-273 
mechanism, 252-257 
Proton mass, 344 
psi (pound/in2), 345 
Pyramidal dome, 145 
Pyroceram, 80 


Quantum number, 50 
Quarter-wave coating, 195 
Quartz, App. C 
birefringence, 19 
density, 114 
hardness, 116 
structure, 151 
thermal conductivity, 130 
transmis. spectrum, 31, 32 
transmission window, 56 
uv-visible transmis., 34 
Quartz crystal microbalance, 
202 
Quartz-polyimide, 80 


Radial crack, 114, 244 
Radial stress, 92-93 
Radiance, 67, 373 
Radiant emission, 3-6 
Radiant energy, 371 
Radiant flux, 371 
Radiant heat transfer, 130 
Radiant intensity, 372 
Radiant power, 12, 371 
Radiation, electromagnetic, 
2 
Radio wave, 2 
Radiometry, 371 
Radome, 78 
Rain, 218-220 
distortion, 241 
visibility, 6-11 
Rain erosion 
aerodynamic effects, 241- 
243 
damage threshold 
velocity, 224-232 
effect of stress, 230-231 
effect on MTF, 231 


impact, 220-224 
mass loss, 231-232 
radius of curvature, 242- 
243 | 
shock wave, 241-243 
transmis. loss, 228-231 
Rayceram, 80 
Rayleigh criterion, 63, 64 
Rayleigh scattering, 68 
Rayleigh wave, 223, 239 
attenuation, 254 
speed, 227 
Reciprocal centimeter, 3 
Recirculation region, 145 
Reduced mass, 51 
Reflectance, 13, 14 
single-surface, 23, 27 
total, 23 
Reflection, 12, 13, 22, 195 
microwave, 78 
shock wave, 256-257 
Refraction, 15 
Refractive index, 15, 18, 22, 
27, 196, 197, App. C 
complex, 27 
effect on scatter, 68 
general behavior, 28-30 
pressure effect, 18 
relation to dielectric 
constant, 44, 77 
temperature effect, 18 
wavelength effect, 29 
Reliability, 102-103, 107 
REP coating, 248, 264-266 
Residual strength, 225 
static fatigue, 300 
Residual stress, 217 
Resistance, 208 
Resistivity, 207 
thermal, 131 
Resolution, 63, 64 
Resonant mesh, 212 
Restrahlen frequencies, 29 
RF shielding, 207-212 
Ring fracture, 239 
Ring-on-ring flexure test, 
92-94, 95 
River mark, 94, 95 
Rocket sled, 216 
Root-mean-square, 178 
Roughness, 178, 179 
Ruby, 187 
Rugate filter, 203-203 


Sabot, 240 
Safety factor, 101-103, 109- 
110 


Index 


Salt spray test, 202 


Sand erosion, 243-248 


AR coatings, 269 

coating resistance, 260 

diamond, 334 

effect on strength, 244 

impact angle, 250 

protection by diamond, 
272-273 

rate, 245-248 

sapphire, 334 

zinc sulfide, 334 

Sapphire, 202, App. C 

absorption coefficient, 30 

annealing, 187-188 

birefringence, 19 

coated, 207, 255 

conductive coating, 210 

crystal, 19 

density, 114 

diamond turning, 182 

dn/aT, 60, App. C 

dome, 175, 176, 177 

EFG method, 176 

elastic constants, 379 

emittance, 41, 174, 175 

expansion, 128 

fiber strength, 177 

fract. toughness, 118, 207 

fundamental freq., 54 

growth and properties, 
173-177 

hardness, 116 

heat capacity, 128 

HEM grades, 174 

mesh, 212 

microwave properties, 78, 
80, 81 

MIJA threshold, 239 

modulus, 135 

near-net-shape, 175-177 

nylon bead impact, 240 

plastic deform., 87, 91 

Poisson ratio, 135 

polishing, 183, 187 

purity, 174 

rain damage threshold, 
224, 226, 228 

refractive index, 17, 22 

sand erosion, 246, 334 

scooping, 174, 175 

slow crack growth, 289- 
290 

strain rate/strength, 98 

strength, 98, 105, 107, 
108, 135 
subsurface damage, 183, 
184 


temp./absorption, 43 
temp./emission, 44 
temp./strength, 107, 108 
temp./toughness, 121 
temp./transmittance, 42 
thermal conduct., 128 
thermal properties, 397 
thermal shock, 135 
thermo-optic distortion, 
330 
transmission spectrum, 31 
transmission window, 56 
transmittance, 24 
upper temperature, 148 
uv-visible transmis., 34 
vacuum uv grade, 174, 175 
Verneuil method, 172 
wind tunnel test, 139 
windows, 177 
Scaling factor, 99 
Scatter, 8, 14, 20, 21, 22, 
64-68 
BTDF, 66 
measurement, 65, 66 
phonon, 320 
roughness, 178, 179 
total integrated, 65 
Schlieren pattern, 146 
Schott IRG100 (see IRG 
100) 
Scooping, 174, 175 
Scotch tape test, 202 
Scratch, 180, 244 
Scratch/dig specification, 
180-181 
Seeker, 1 
Sellmeier equation, 18, 29 
Semiconductor, 46 
Separation shock, 145, 146 
Shear modulus, 87, 88, 381 
Shear stress, 87, 88 
Shear wave, 222 
Sheet resistance, 208 
Shielding effectiveness, 208 
Shock speed in water, 223 
Shock wave, 145, 146 
effect on rain, 241-243 
rain impact, 222 
reflection, 239, 256-257 
separation, 145, 146 
velocity, 230 
Sidewinder missile, 1 
Signal-to-noise degradation 
by hot window, 72 


Silica 
antireflection coat, 197 
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refractive index, 17 
transmission window, 56 


Silicon, App. C 


2-color properties, 58 

antireflection coat, 197 

band gap, 46 

carrier conc., 47 

coated, 207 

density, 114 

diamond turning, 182 

dn/dT, 60, App. C 

elastic constants, 378 

expansion, 128 

fract. toughness, 118, 207 

hardness, 117 

heat capacity, 128 

mechanical strength, 267 

microwave properties, 80 

MIJA threshold, 239 

modulus, 135 

oxygen-free, 172, 173, 
266 

Poisson ratio, 135 

polycrystalline, 172, 266- 
268 

rain damage threshold, 
224, 228, 230 

rain impact, 221 

refractive index, 17 

sand erosion, 247 

strength, 105, 135 

temp./absorp. coeff., 49 

temp./transmission, 48 

thermal conductivity, 128 

thermal expansion, 318 

thermal properties, 399 

thermal shock, 135 

transmission spectrum, 
33, 34, 198 

transmission window, 56 

transmittance, 24 

upper temperature, 44, 46 

uv-visible transmis., 34 

water cooled window, 74 


Silicon carbide, 167-169, 


App. C 
absorption coefficient, 
168-169 
density, 114 
elastic constants, 378 
expansion, 128 
fracture toughness, 118 
hardness, 116 
heat capacity, 128 
modulus, 135 
Poisson ratio, 135 
refractive index, 17 
strength, 105, 135 
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thermal conductivity, 128 
thermal expansion, 318 
thermal shock, 135 
transmis. spectrum, 168 
transmission window, 56 
Silicon monoxide, 197 
Silicon nitride, 169, App. C 
coating material, 207 
density, 114 
expansion, 128 
fracture toughness, 118 
grain boundary, 151-152 
hardness, 117 
heat capacity, 128 
microwave properties, 80 
modulus, 135 
Poisson ratio, 135 
rain damage threshold, 
226, 228 
refractive index, 17 
strength, 105, 120, 135, 
186 
thermal conductivity, 128 
thermal shock, 135 
transmission window, 56 
Weibull curve, 101 
Silver chloride 
expansion, 128 
hardness, 117 
heat capacity, 128 
thermal conductivity, 128 
transmission window, 57 
Single crystal, 21, 66, 150- 
152, 170ff 
Single-impact waterjet, 235- 
236, 240 
Single-point diamond 
turning, 181-182 
Single-surface reflectance, 23 
Sintering, 156, 157, 159- 
161 
Sintering aid, 121, 159 
Skin, 4 
Skin depth, 209 
Slanted window, 145 
Sled test, 216 
Slow crack growth, 285-290 
Slurry, 156 
Snell's law, 15 
Snow, 6-11 
Sodium chloride, App. C 
crystal growth, 171 
density, 114 
dn/dT, 60, App. C 
elastic constants, 378 
expansion, 128 
hardness, 117 
heat capacity, 128 
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modulus, 135 

Poisson ratio, 135 

refractive index, 17 

strength, 105, 135 

thermal conductivity, 128 

thermal shock, 135 

transmission window, 57 
Solid particle erosion, 243- 

248 

Solution hardening, 117 
Sound speed, 142, 256 
Space shuttle, 4 

window, 295-298 
Sparrow criterion, 64 
Spatial frequency, 69 
Specific heat, 127, App. G 
Spectral exitance, 4 


Spectral irradiance, 372 


Spectral radiant energy, 371 
Spectral radiant flux, 371 
Spectral radiant intensity, 372 
Spectral radiant power, 371 
Spectrum, electromagnetic, 2 
Specular reflection, 22 
Speed 
light, 2, 15, 344 
longitudinal wave, 230 
sound, 142, 256 
transverse wave, 230 
Spinel, App. C 
coated, 207 
density, 114 
diamond turning, 182 
dn/dT, 60, App. C 
elastic const., 378, 380 
emittance, 41 
expansion, 128 
fract. toughness, 118, 207 
fundamental freq., 54 
hardness, 117 
heat capacity, 128 
microwave properties, 78, 
80, 81 
MIJA threshold, 239 
modulus, 135 
nylon bead impact, 240 
Poisson ratio, 135 
rain damage threshold, 
224, 228 
refractive index, 17 
sand erosion, 247 
strength, 105, 108, 135, 
187 
temp./emission, 44 
temp./toughness, 121 
temp./strength, 108 
thermal conduct., 128 
thermal properties, 400 


thermal shock, 135 
transmission spectrum, 31 
transmission window, 56 
transmittance, 24 
upper temperature, 148 
uv-visible transmis., 34 
Verneuil method, 172 
wind tunnel test, 139 
Spring, 50 
Stability, thermal, 145-148 
Stagnation pressure, 111, 
112 
Stagnation temperature, 45, 
112, 141 
Standard grade ZnS, 164-166 
Static fatigue, 283, 299-300 
Stiffness coefficients, 376, 
378 
Stockbarger-Bridgman 
crystal growth, 170 
Stoichiometry, 156 
Strain, 85, 375 
Strain rate, 91, 98 
Strength, 85, 87 
change during proof test, 
292-293 
effect of area/volume, 103- 
104, 106-107 
effect of grain size, 120 
effect of surface finish, 
183-188 
loss with rain impact, 225, 
227 
measurement, 89-94 
Petch equation, 120 
relation to fracture 
toughness, 119 
relation to grain size, 120 
strain rate dependence, 98 
temperature effect, 107 
theoretical, 96 
values for materials, 105 
Strength-enhancement 
annealing, 163 
coating, 255 
Stress, 84, 374 
3-point bending, 89 
4-point bending, 90 
buried crack, 254 
coatings, 205-207 
concentration, 94 96-98 
corrosion, 283, 288 
crack tip, 96 
dome, 111 
effect on rain damage, 230- 
231 
equibiaxial flexure, 92 
formulas, 89-92 
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intensity factor, 284-285 
notation, 374 
shear, 374 
Strontium fluoride, 105, 185 
Subcritical crack growth, 98, 
217 
Subsurface damage, 183-185 
Surface absorption, 13, 39, 
323-324 
Surface energy, 96 
Surface finish effect on 
strength, 183-188 
Surface profile, 179 
Surface roughness, 178, 179 
coating, 202 
Surface scatter, 22 
Syndite, 305 


TA, 51 
Taic hardness, 116 
Tape test, 202 
Temperature 
absorption, 42-45 
atmosphere, 142 
crack growth, 290 
dielectric constant, 81 
emittance, 4, 42-45 
fracture toughness, 121 
grain growth, 160 
hardness, 12] 
loss tangent, 81 
modulus, 88 
rain damage, 235 
refractive index, 18, 25-26 
sintering, 156, 160 
stagnation, 45, 112 
strength, 107 
surface absorption, 39 
transmission, 48-49 
wavefront effect, 74-76 
Tensile specimen, 84 
Terminal velocity, 219 
Thallium bromide, 57 
Theoretical strength, 96 
Thermal conductivity, 73ff, 
App. G 
anisotropy, 319 
grain size effect, 320 
temperature effect, 320 
Thermal contraction, 126 
Thermal decomposition, 147 
Thermal diffusivity, 129 
Thermal expansion, 126, 
App. G 
coating, 205 
coefficient, 391 
Thermal properties, App. G 


Thermal resistivity, 131 
Thermal shock, 132-144 
figure of merit, 132, 135, 
137, 140 
Thermal stability, 145-148 
Thermal stress, dome, 138- 
139 
Thermally thick dome, 134 
Thermally thin dome, 134 
Thermogravimetric analysis, 
335 
Thermo-optic distortion, 330 
Thickness 
dome, 141 
effect on erosion 
protection, 253 
measurement, 201-202 
window design, 109-110 
Thorium fluoride, 196, 197, 
198 
Thorium oxide, 197 
Thorium oxyfluoride, 205 
Three-point flexure test, 89 
Time to failure, 295-296, 
300 
TO, 51 
Topaz, 116 
Torr, 345 
Total integrated scatter, 65, 
178, 179 
Total reflectance, 23 
Toughening, 154 
Toughness, 118 
Transmission, 12, 13 
atmospheric, 3 
conductive coat, 209-210 
dust, 6-11 
fog, 6-11 
rain, 6-11 
rain impact effect, 228- 
231 
snow, 6-11 
spectra, 31-33 
window, 41, 56-57 
Transmittance, 6, 13-14, 23- 
24 
etalon effect, 25-26 
external, 13 
in-line, 13 
internal, 12, 13 
Transverse oscillation, 51, 
52 
Transverse wave, 222 
Transverse wave velocity, 
230 
Tuftran, 165-167, 217, 257, 
266 
Two-color materials, 58-59 
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Type I/II diamond, 304 


Ultraviolet degradation of 

polyethylene, 189-190 
Ultraviolet-visible transmis. 

spectra, 34-35 
Umklapp process, 320 
Unclamped window, 109 
Uniaxial pressing, 161 
Urbach tail, 29, 30 


Vacuum ultraviolet region, 
174 

Valence band, 46 

Vapor pressure, HO in air, 9 

Velocity of shock wave, 230 

Verneuil method, 172 

Vibration energy level, 50 

Vibrational quantum number, 
50 

Vickers indentor, 114, 115 

Viscosity, atmosphere, 142 

Visibility, 10 

Visible light, 2 

Visible transmission spectra, 
34-35 

Void, effect on scatter, 68 

Volume, effect on strength, 
103-104 


Water, absorption bands, 3 

Water cooling of window, 74 

Water hammer pressure, 223 

Waterclear zinc sulfide, 59, 
164 

Waterjet, 235-239, 332- 
333 

Watt, 345 

Wavelength, 2 

free carrier effect, 47 
in matter, 78 

Wavenumber, 3 

Waviness, 178 

Weakest link, 382 

Weibull critical stress, 383 

Weibull distribution, 99, 
App. F 

Weibull modulus, 99, 383 

Weibull probability, 383 

Weibull scaling factor, 383 

Weibull statistics, 98-104 

Wein displacement law, 4 | 

Whirling arm, 233-235 

Wind tunnel, 137-139 
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Window 
atmospheric, 3 
design, 109-110 
polymer, 189-191 
reliability, 298 
residual stress, 217 
slanted, 145 
thickness, 64 

Woven polyethylene, 189 


X-ray, 2 


YAG, 187 

Yield strength, 87 

Young's modulus, 85, 380, 

381 

Yttria, App. C 
antireflection coat, 197 
density, 114 
diamond turning, 182 
dn/daT, 60, App. C 


elastic constants, 378, 380 


emittance, 41 
expansion, 128 
fabrication, 155-158 
fracture toughness, 118 
fundamental frequency 54 
grain boundary, 21, 158 
hardness, 117 

heat capacity, 127, 128 


microwave properties, 78, 


80, 81 
modulus, 88, 135 
MTF, 70 
Poisson ratio, 135 
polished surface, 158 
refractive index, 17 
sintering, 157 
strength, 105, 135 
temp./emission, 44 
tensile specimen, 84 


thermal conduct., 128, 131 


thermal expansion, 127 

thermal properties, 401 

thermal shock, 135 

thermo-optic distortion, 
330 


transmission spectrum, 31 


transmission window, 56 

transmittance, 24 

upper temperature, 148 

uv-visible transmis., 35 

Weibull curve, 100 

wind tunnel test, 139 
Yttria-stabilized zirconia, 

121 
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Yttrium aluminum garnet 
polishing, 187 

Yttrium fluoride, 197 

Yttrium oxide (see yttria) 


Zerodur, 127, 153 
Zinc hydride, 164 
Zinc selenide, 165-167, 
App. C 
2-color properties, 60 
absorption coefficient, 39 
antireflection coat, 197 
BTDF, 67 
bulk absorption, 13 
density, 114 
deposition, 163 
diamond turning, 182 
dn/dT, 60, App. C 
elastic constants, 378, 
380 
expansion, 128 
fracture toughness, 118 
frequency doubling, 77 
fundamental frequency, 54 
grain size/strength, 120 
hardness, 117 
heat capacity, 128 
laser window, 198 
microwave properties, 78, 
80 
modulus, 135 
Poisson ratio, 135 
proof test, 281-283 
properties, 166 
rain damage threshold, 
224, 228, 230, 232, 
235 
reflectance, 23-24 
refractive index, 17 
scatter, 67 
strength, 105, 135 
surface absorption, 13, 39 
thermal conductivity, 128 
thermal expansion, 318 
thermal properties, 401 
thermal shock, 135 
transmission spectrum, 
32, 166 
transmission window, 56 
transmittance, 24 
Tuftran, 165-167 
upper temperature, 148 
uv-visible transmis., 34 


Zinc sulfide, App. C 


2-color properties, 59 
antireflection coat, 197 
band gap, 46 


BTDF, 67 

Cleartran, 59, 164 

coating, 205 

coating/strength, 255 

combined effects erosion, 
248 | 

conductive coating, 210 

decomposition, 147-148 

density, 114 

deposition, 163 

diamond coating, 273 

diamond composite, 165- 
167 

diamond turning, 182 

dn/aT, 60, App. C 

drop size/erosion, 249 

elastic const., 378, 380 

elemental, 59, 165-166 

emittance, 40 

expansion, 128 

FLIR grade, 164 

fract. toughness, 118, 164 

fundamental freq., 54 

GaP composite, 167 

grain size, 164 

hardness, 117, 164 

heat capacity, 128 

heat effect, 147-148 

hydride, 164 

impact angle/erosion, 249 

mass loss/heating, 147- 
148 

mesh, 212 

microwave properties, 78, 
80, 81 

MIJA threshold, 239 

modulus, 135 

multiphonon region, 53 

multispectral, 164-166 

optical scatter, 165 

oxidation, 147-148 

Poisson ratio, 135 

properties, 166 

rain damage threshold, 
224, 228, 230, 235, 
243 

rain impact, 221 

refractive index, 17 

resonant mesh, 212 

sand erosion, 244, 245, 
246, 247, 334 

Scatter, 67 

standard, 164-166 

strength, 105, 107-109, 
135, 225 

stress in coating, 205 

temp./strength, 107-109 

temp./transmittance, 42 
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thermal conduct., 128 
thermal expansion, 318 
thermal properties, 402 
thermal resistivity, 131 
thermal shock, 135 
thermo-optic distortion, 
330 
transmission loss, 147 
transmission spectrum, 
32, 165 
transmission window, 56 
transmittance, 24 
Tuftran, 165-167 
upper temperature, 148 
uv-visible transmis., 34 
Waterclear, 59, 164 
Weibull curve, 100 
wind tunnel test, 139 
Zirconia, App. C 
antireflection coat, 197 
nylon bead impact, 240 
refractive index, 17 
temp./hardness, 121 
transmission window, 56 
yttria-stabilized, 121 
Zirconium fluoride, 197 
Zirconium tungstate, 126 
ZPBSN, 80 
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